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Introduction

During the recent conflicts in Iraq and Afghanistan, 16% of all trauma encounters involve the
eyes. The corneal epithelium is commonly damaged during ocular trauma, which
compromises visual function. If epithelial integrity is not rapidly restored following severe
injury, it can lead to corneal inflammation, opacification, perforation, ulceration and blindness.
This undesirable wound healing outcome occurs because injury breaches epithelial barrier
protective functions against damage caused by environmental insults/infections. We had
previously identified transient receptor potential protein vanilloid-1 (TRPV1) channels as a
novel drug target for reducing these sight threatening outcomes and hastening epithelial
wound healing. The aim of this study is to uncover novel TRPV1-linked cell signaling drug
targets for more selective alleviation of trauma-induced corneal symptomology and faster
restoration of normal vision. The specific objectives were to: 1) determine in human corneal
epithelial cells (HCEC) if TRPV1-induced increases in proinflammatory cytokine release are
enhanced through loss of function of the protein phosphatase DUSP1/MKP-1 (dual specificity
phosphatase-1/MAPK phosphatase MKP-1). Following DUSP1/MKP-1 lentiviral ShRNA
transduction, we will evaluate if TRPV1 activation of cell signaling and inflammatory cytokine
expression are altered by DUSP1/MKP-1 knockdown; 2) determine in mice if corneal TRPV1
activation is sufficient to induce stromal inflammatory macrophage and polymorphonuclear
(PMN) tissue infiltration.

Body

As reported in the interim Annual Report, dated Oct 2010, a no-cost extension was submitted
to USAMRAA through T.R.U.E. Research Foundation on 20 Aug 2010 to allow continuance of
the study and completion of all the experiments required to complete Objectives 1 and 2, that
were slightly delayed due to the unexpected deployment of the study PI, LTC Capo-Aponte to
Iraq in 2009. The approval for the no-cost extension was received on 3 Feb 2011. In addition,
the T.R.U.E. Research Foundation, that manages our grand funds, went out of business in 7
Apr 2011, which forced the study to stop until USAMRAA approved a new award to the
Geneva Foundation on 24 May 2011. Nevertheless, all planned experiments for Objectives 1
and 2 were completed during the time allocated by the no-cost extension (20 Sep 2011). Very
significant results were obtained from our experiments resulting in three articles in peer-
reviewed journals (one published, Appendix A; one in press, Appendix B; one submitted,
Appendix C), four poster presentations (Appendices D-F) at the 2011 Association for
Research in Vision and Ophthalmology Annual Meeting, and a book chapter (in press,
Appendix G).

Key Research Accomplishments Objective 1: In addition to the accomplishments reported
in the interim Annual Report submitted on October 2010, we determined during this
performance period that in addition to corneal wounding, hypertonic stress also promotes
increases in inflammatory cytokine (interleukin (IL)-6 and IL-8) release through TRPV1
signaling pathway activation in HCEC. Since current combat theaters of operations are
located in very arid and extreme environments in which most Warfighters experience dry eye,
it is expected that such extreme conditions will affect the corneal physiology and consequently
the epithelial wound healing process. For these studies, Ca** signaling was measured in



fura2-AM-loaded HCEC using a single-cell fluorescence imaging system. Western blot
analysis was used to evaluate the phosphorylation status of epidermal growth factor receptor
(EGFR), extracellular signal-regulated kinases (ERK), p38 mitogen activated protein kinase
(MAPK) and nuclear factor (NF)-kB. ELISA was used to assess the effect of TRPV1 activation
on the release of proinflammatory and chemoattractant cytokines (i.e., IL-6 and IL-8). We
found that hypertonic stress elicited Ca** transients 2-fold above baseline that were
suppressed by the TRPV1-selective antagonists capsazepine and JYL1421 (Appendix A, Fig.
1A). Such transients were enhanced by prostaglandin E2, PGE2 (Appendix A, Fig. 1B).
Hypertonicity-induced EGFR transactivation was suppressed by preincubating HCEC with
capsazepine, matrix metalloproteinase 1 (MMP1) inhibitor (i.e., TIMP-1), broad-spectrum
MMP inhibitor (i.e., GM6001), heparin-bound (HB)-EGF release inhibitor (i.e., CRM 197), or
EGFR inhibitor (i.e., AG1478) (Appendix A, Figs. 2A and 2B). ERK and p38 MAPK and NF-kB
activation after EGFR transactivation occurred in medium tonicity and in a time-dependent
manner (Appendix A, Figs. 3A and 3B). Hypertonicity, mimicking tear film levels described in
dry eye patients, induced increases in IL-6 and IL-8 release. They were suppressed by
exposure to either capsazepine, AG 1478, ERK inhibitor PD98059, p38 inhibitor SB203580, or
NF-kB inhibitor PDTC (Appendix A, 4A and 4B). It is known that NF-kB activation mediates a
host of physiological responses that include increases in proinflammatory cytokine release,
however, we showed that increases in IkB-a phosphorylation (p-IkB-a) occurred in a tonicity-
dependent manner after 1 hr exposure to either 300 (isosmotic), 375, or 450 mOsm medium
(Appendix A, Figs. 5A and 5B). Here declines of p-IkB-a formation elicited by the suppression
of EGFR, ERK, and p38 MAPK confirm that EGFR and its linked MAPK signaling contribute to
NF-kB activation. However, these individual declines did not reach the baseline level,
suggesting potential signaling pathways in addition to those linked with EGFR affect NF-kB
activity (Appendix A, Figs. 6, 7A, and 7B). More recent results revealed that TRPV1-linked
signaling also includes another parallel pathway which through transforming growth factor
kinase 1 (TAK1) elicits NF-kB activation (see below). Accordingly, we now know that the
inflammatory response to TRPV1 activation is dependent on a maximal level of NF-kB
activation only achievable through EGFR transactivation in combination with TAK1 activation.
This realization indicates that inflammatory responses to injury may be better controlled
through drug control of TAK1 activation.

EGFR phosphorylation or protein kinase C (PKC) stimulation enhances corneal epithelial cell
proliferation. Cell proliferation is needed to maintain corneal transparency and vision. To
determine in HCEC the involvement of changes in ion transport activity induced through
MAPK activation by EGF or PKC, we delineated the cause and effect relationships between
ERK1/2 and Na*,K*,CI" cotransporter 1 (NKCC1) phosphorylation (Appendix B, Fig. 1). Here
NKCC1 inhibition by bumetanide suppressed EGF and PDBu-induced increases in cell
proliferation. Furthermore, the roles of NF-kB and ERK1/2 were evaluated in mediating
negative feedback control of ERK1/2 and NKCC1 phosphorylation through modulating DUSP1
and DUSP6 expression levels. Intracellular Ca** rises induced by EGF elicited NKCC1
phosphorylation through ERK1/2 activation (Appendix B, Fig. 2). Furthermore, bumetanide
suppressed EGF-induced NKCC1 phosphorylation, transient cell swelling and cell
proliferation. This cause and effect relationship was similar to that induced by PKC stimulation
(Appendix B, Fig. 3). NKCC1 activation occurred through time-dependent increases in protein-
protein interaction between ERK1/2 and NKCC1, which were proportional to EGF
concentration. ERK1/2 activation by EGF is dependent on Ca** influx since clamping
intracellular Ca®* levels with a chelator, BAPTA, obviated MAPK activation (Appendix B, Fig.
6). In addition, we showed that DUSP6 upregulation obviated EGF and PKC-induced NKCC1
phosphorylation (Appendix B, Fig. 9). NF-kB inhibition by PDTC prolonged ERK1/2 activation
through GSK-3 inactivation leading to declines in DUSP1 expression levels (Appendix B, Fig.

2



10). This response is modulated by changes in DUSP1- and DUSP6-mediated negative
feedback control of ERK1/2-induced NKCC1 phosphorylation. These results indicate that the
control of cell volume by growth factor receptors is essential for them to induce increases in
cell proliferation subsequent to corneal epithelial injury.

We further characterized the signaling pathways mediating TRPV1-induced increases in
inflammatory cytokine (IL-6) and chemoattractant (IL-8) release in HCEC. For these studies,
SV40 immmortalized HCEC were transduced with lentiviral vectors to establish stable JNK1,
NF-kB1 and DUSP1 shRNAmir sublines. Then immunoblotting assessed the extent of
suppression of NF-kB1 and DUSP1 expression. In these sublines, changes in TRPV1-induced
cell signaling were evaluated by ELISA measuring IL-6 and IL-8 release from cell cultures. We
found that capsaicin, a selective TRPV1 agonist, induced time-dependent activation of
transforming growth factor activated kinase 1 (TAK1) and MAPK cascades followed by IkBa
phosphorylation and rises in IL-6 and IL-8 release (Appendix C, Figs. 1A and 1D). All
responses were blocked by the TAKL1 inhibitor 5z-7-oxozeaenol (5z-OX) (Appendix C, Figs.
1B and 1C). Ablation of either JINK1 or NF-kB1 expression abolished increased IL-6 and IL-8
release (Appendix C, Figs. 2C and 3B, respectively). However, JINK1 knockdown only partially
suppressed capsaicin-induced NF-kB activation while 5z-OX eliminated it (Appendix C, Fig.
4A). On the other hand, loss of NF-kB1 expression diminished capsaicin-induced JNK1
activation as a result of increases in DUSP1 expression whereas PKCd expression
concomitantly declined (Appendix C, Figs. 4B and 4C). In contrast, in the DUSP1 knockdown
subline, IL-6 and IL-8 release by capsaicin was augmented due to enhanced and prolonged
JNK1 phosphorylation (Appendix C, Figs. 5B and 5C). We also found that capsaicin induced
protein-protein interactions between TAK1, TRPV1 and CB1 are required for modulation of
TRPV1-induced increases in IL-6 and IL-8 release in HCEC (Appendix D). This was
determined by coimmunoprecipating HCEC lysates with either anti TRPV1, TAK1, CB1 or
TAB1 (TGF-B-activated protein kinase 1-binding protein 1) antibodies followed by Western
blotting with an appropriate antibody to probe for protein-protein interactions. Changes in I-
kBa phosphorylation status provided readout of NF-kB activation. ELISA determined the
individual effects of TRPV1 and CB1 activation as well as TAK1 inhibition on IL-6 and IL-8
release. The results indicate that 10 uM capsaicin or 5 uM WIN55,212-2 induced transient
TAK1 activation through interactions with TRPV1 and CB1. Costimulation of TRPV1 and CB1
induced a smaller increase in TAK1 activation than that obtained from sole TRPV1 stimulation
of TAK1 with capsaicin. TRPV1 activation resulted in protein-protein interaction with TAB1
which through its phosphatase activity may shape TAK1 phosphorylation. Okadaic acid, a
phosphatase inhibitor, augmented and prolonged TAK1 phosphorylation indicating that
TRPV1 and CB1 induce TAK1 phosphorylation. These effects were eliminated by either 5 pM
capsazepine or a CB1 antagonist, AM251, respectively. Receptor-induced TAK1, JNK1/2, I-
kBa phosphorylation and increases in IL-6 and IL-8 release were fully blocked by a selective
TAK1 inhibitor, 10 nM 5z-OX.

Furthermore, we showed that CB1 activation reduces TRPV1-induced responses in HCEC
(Appendix E). This finding is consistent with evidence for protein-protein interaction between
TRPV1 and CB1 as well as their immunocytochemical co-localization. The CB1 agonist/
antagonist pair: WIN55,212-2 and AM251 were used along with the mixed endogenous
TRPV1/CB1 agonist, anandamide (AEA) to characterize functional interaction between CB1
and TRPV1. The TRPV1 agonist/antagonist pair: capsaicin and capsazepine were also used.
ELISA determined proinflammatory cytokine release. TRPV1 channel activity was
characterized with the planar-patch clamp technique. The results show that
coimmunoprecipitation analysis of HCEC identified protein-protein interaction between CB1
and TRPVL1. Capsaicin (10 pM)-induced 2.1, 2.5, 1.8-fold increases in IL-6, IL-8 and TNF-a



release, respectively. Joint CB1/TRPV1 activation with 10 uM AEA induced rises that were 30-
50% smaller than those obtained by capsaicin alone. However, these rises induced by AEA
were even larger than those obtained with capsaicin through blocking AEA activation of CB1
with AM251. Capsaicin in HCEC induced 2.1-fold increases in cation channel current at a
holding potential of 0 mV. This response to capsaicin could be suppressed during exposure to
WIN55,212-2.

Lastly, rapid corneal epithelium wound healing is heeded to reestablish its protective barrier
properties to decrease tight junctional permeability by increasing translayer electrical
resistance. However the effects of CB1 stimulation on tight junctional permeability have not
been determined in HCEC. We characterized the effects of CB1 activation on translayer
electrical resistance during exposure to a hypertonic stress described in some types of dry
eye disease (Appendix F). SV40-immortalized HCEC were seeded on 0.4 um pore size
Transwell® inserts. They were air lifted and reached confluence after about 5 days.
Transepithelial layer electrical resistance (TEER) assessed tight junctional integrity. Our
results show that after 5 hr exposure to a 300 mOsm isotonic medium, TEER slightly declined
to reach 200 + 3.7 (n=3) ohm*cm? and remained stable during the subsequent 15 hr. On the
other hand, replacement at 5 hr with a 375 mOsm medium caused TEER to initially fall by
31% with partial restoration to a level at 20 hr that was still 16% below the isotonic control.
However, inclusion of the mixed CB1/TRPV1 agonist (i.e., AEA), at concentrations ranging
from 1 to 10 uM, in the 375 mOsm medium, hastened complete TEER restoration to its
isotonic control level. Recovery occurred as early as 5 hr after imposition of this stress. Under
isotonic conditions, 1 yM AEA blocked the initial 31% decline in the baseline TEER. In 375
mOsm medium, the TEER decreased from 20% to 25% despite the presence of either 10 or
20 uM AEA if HCEC were instead pre-exposed for 30 min to either 5uM or 10 yM AM251, a
selective CB1 antagonist. Furthermore, in isotonic medium, AM251 prevented TEER recovery
from its 5 hr suppressed level to its baseline levels. The TEER in isotonic medium was
unchanged with either 5 or 10 yM AM251. These results suggest that during exposure of
HCEC to a hypertonic stress simulating tear film osmolarity in some types of dry eye disease,
TEER initially declined and failed to fully recover with time. However, CB1 activation by AEA
instead caused the TEER to fully recover more rapidly to its isotonic level. These AEA effects
were solely due to CB1 activation since AM251 fully inhibited both of them. Taken together,
endocannabinoids may have therapeutic potential in reducing declines in epithelial barrier
function occurring in some types of dry eye disease.

All data were analyzed using Origin software and comparisons of each of the experimental
conditions were made with the controls for each experiment. Each repetition had its own
control. Student t-test (unpaired) was applied to determine significance of the means * SD for
each experimental series repeated in triplicate and P <0.05 was considered as significant.

Research Accomplishments for Objective 2. In order to assess the role of TRPV1
activation in mediating an epithelial wound healing response, we compared the rapidity of
wound healing in a homozygous TRPV1™ (knock out, KO) mouse strain with that in its
wildtype (WT) counterpart. Different types of corneal wound healing models have been
developed by other investigators for this purpose. One type is referred to as the epithelial
debridement model. With this model, an epithelial area whose diameter is frequently 2 mm is
delineated with a trephine under anesthesia. The circumscribed area is then surgically
removed with a knife. Wound closure is monitored by staining the corneal surface with a dye
which such as fluorescein. The size of the stained area is a reflection of the remaining
unhealed epithelial wound. In order to assess the wound closure area rates, we compared



declines in the size of the stained area with time in the WT and KO mice. We found in this
epithelial debridement wound healing model using TRPV1 gene ablated mice (i.e., KO) that
the wound healing response was delayed relative to that in the WT. We previously reported
that after 30 hr the wound had completely closed in the WT since there was no evident green
staining whereas in the KO even after 36 hr there was still detectable staining (Appendix H,
Figs. A and B). As wound healing is a consequence of increases in both cell proliferation and
migration, we assessed the contribution by cell proliferation to wound healing kinetics. We
compared the intensity of anti-BrdU antibody staining in the two different genotypes (i.e., KO
and WT). It was evident at 24 hr that there was more staining in the WT than in the KO, which
suggests that TRPV1 activation by injury accelerates wound healing through stimulation of cell
proliferation (Appendix H, Fig. C). In this study, we found that TRPV1 activation makes a
double-edge contribution through EGFR transactivation to stimulate wound healing. The
promotional effect is elicited through increases in cell proliferation and migration. On the other
hand, its activation counters healing through increases in expression levels of IL-6 and IL-8.
Such increases can be associated in vivo with compromised visual acuity due to chronic
inflammation, which impedes or even prevents wound healing in response to severe injury. In
order to validate the importance of TRPV1 activation by epithelial debridement to wound
closure, we compared the wound healing response by making a 2.5 mm wound in WT mice.
Their eyes (N=96) were organ cultured for up to 36 hr and exposed to either: a) 10 uM
capsaicin; b) 0.5 uM SB366791 (TRPV1 antagonist); ¢) capsaicin and 0.5 uM SB366791
(Appendix I). The rates of wound closure were compared to the untreated control and
assessed based on time-dependent declines in fluorescein staining. The results indicate that
in the capsaicin treated group wound closure was complete already whereas it was delayed in
the control and the SB366791 treated groups. Only at 30 hr was wound closure reached in
both the control and SB366791 groups. At 24 hr there was slightly more staining in the
SB366791 group than in the control group. On the other hand, at 18 hr the wound area in the
capsaicin treated group was smaller than in those mice eyes incubated instead with both
capsaicin and SB366791. Taken together, these results further substantiate our mouse eye
results and those obtained with HCEC that TRPV1 activation by injury induces through EGFR
transactivation increases in cell proliferation and migration that make an essential contribution
to wound closure.

In Objective 2, we also assessed if there is an inflammatory response to epithelial
debridement. This was done by performing immunohistochemistry to assess if corneal TRPV1
activation is sufficient to induce stromal inflammatory macrophage and PMN tissue infiltration.
To make this assessment, we probed for PMN and macrophage stromal infiltration from the
periphery during the wound healing response induced by epithelial debridement. This
evaluation entailed using myeloperoxidase to stain for stromal PMN cell density and F4/80 to
determine macrophage infiltration. Our results indicate that at no time point was it possible to
detect any increases in their levels during wound healing. Therefore, epithelial debridement is
a relatively mild injury, which is not severe enough to induce a chronic inflammatory response.
In other words, epithelial debridement does not lead to sufficient TRPV1 activation to elicit a
dysregulated inflammatory response. The inflammation, if any induced by epithelial
debridement, is self-limiting and resolves itself prior to wound closure. However, we found that
CB1 activation in the WT blocks neutrophil infiltration. CB1 activation has this effect since in
the CB1 heterozygous and homozygous KO mice wound closure in the debridement model is
delayed compared to that in the WT. This delay suggests that loss of CB1 suppressive
function on neutrophil infiltration delays epithelial migration. Its suppressive role is evident
since in the CB1 KO at 10 hr following injury show myeloperoxidase staining whereas in the
WT no staining is evident (Appendix J) and wound closure was slightly faster than in the CB1
KO (Appendix K). We would like to characterize the role of TRPV1 activation in affecting the



rates of wound closure in a more damaging mouse wound healing model (such as an alkaline
burn model as we originally proposed, but was rejected by one of the original grant reviewers).
Based on our in vitro studies with HCEC, we hypothesize that a more severe injury is required
to induce a dysregulated inflammatory response. Once we have established such a more
severe injury model, it will be possible to assess the individual roles of TRPV1 activation on
corneal resident and infiltrating inflammatory cells in inducing upregulation of proinflammatory
and chemoattractant cytokines that severely compromise wound healing outcome. Such
studies are needed to identify novel downstream cell signaling drug targets for reducing the
complications arising from dysregulated inflammation without compromising endogenous
endovanilloid-induced TRPV1 stimulation leading to increases in cell proliferation and
migration.

Key Research Qutcomes:

e We developed HCEC sublines expressing shRNAs for inhibition of DUSP1, DUSPG,
JNK1, and NFkB gene expression (DUSP1', DUSP6', INK', and NFkB').

e We developed an over-expressed DUSP6 HCEC subline (DUSP6").

e We determined that ERK1/2 and NKCC1 phosphorylation induced by EGF receptor or
PKC activation in HCEC.

e We determined that NKCC1 activation occurred through time-dependent increases in
protein-protein interaction between ERK1/2 and NKCC1, which were proportional to
EGF concentration.

¢ We determined that EGF receptor and PKC activation induce increases in HCEC
proliferation through ERK1/2 interaction with NKCC1.

e We determined that NF-kB and ERK1/2 mediate negative feedback control of ERK1/2
and NKCC1 phosphorylation through modulating DUSP1 and DUSP6 expression
levels.

¢ We determined that TRPV1 agonists induced time-dependent activation of TAK1 and
MAPK cascades followed by IkBa phosphorylation and rises in IL-6 and IL-8 release.

e Corneal epithelial debridement is a relatively mild injury, which is not severe enough to
induce a chronic inflammatory response; therefore it does not lead to sufficient TRPV1
activation to elicit a dysregulated inflammatory response.

Reportable Outcomes

e Pan, Z.,Wang, Z., Yang, H., Zhang, F., Reinach, P.S. 2011. TRPV1 Activation Is
Required for Hypertonicity-Stimulated Inflammatory Cytokine Release in Human
Corneal Epithelial Cells. Investigative Ophthalmology and Vision Science. 52;1:485-93.

¢ Wang, Z., Bildin, V., Yang, H., Cap6-Aponte, Yand, Y., Reinach, P.S. 2011.
Dependence of Corneal Epithelial Cell Proliferation on Modulation of Interactions
Between ERK1/2 and NKCCL1. Cellular Physiology and Biochemestry. 27: xx (in
press).

e Wang, Z., Yang, Y., Yang, H., Capo6-Aponte, J.E., Tachado, S.D., Wolosin, J.M.
Reinach, P.S. NFkB Feedback control of JNK1 Activation Modulates TRPV1-induced
Increases in IL-6 and IL-8 Release by Human Corneal Epithelial Cells. Molecular
Vision. Submitted Aug 2011.

e Wang, Z., Yang, H., Cap6-Aponte, J.E., Parekh, N., Reinach, P.S. 2011. Takl
Interactions with TRPV1 and CB1 Control IL-6 and IL-8 Release in Human Corneal
Epithelial Cells. ARVO Abstract 416/D1063.

e Yang, H., Mergler, S., Wang, Z., Varadaraj, K., Kumari, S.S., Reinach, P.S. 2011. CB1
Activation Reduces TRPV1-induced Responses in Human Corneal Epithelial Cells
ARVO Abstract 2053/D1060.



e Yuan, J., Zhang, F., Yang, H., Reinach, P.S. 2011. CB1 Receptor Activation Elicits
Human Corneal Epithelial Layer Barrier Function Restoration During Exposure To A
Hypertonic Stress. ARVO Abstract 4393.

e Zan, P, Capé6-Aponte, J.E., Reinach, P.S. 2011. Book Chapter: Transient Receptor
Potential (TRP) Channels in the Eye, in Ophthalmology. Publisher: InTech (in press).

Conclusions

e Hypertonic stress-elicited TRPV1 channel stimulation mediates increases in a
proinflammatory cytokine IL-6 and a chemoattractant IL-8 by eliciting EGFR
transactivation, MAPK, and NF-kB activation. Selective drug modulation of either
TRPV1 activity or its signaling mediators may yield a novel approach to suppressing
inflammatory responses occurring in dry eye syndrome.

o EGF receptor and PKC activation induce increases in HCEC proliferation through
ERKZ1/2 interaction with NKCC1. This response is modulated by changes in DUSP1-
and DUSP6-mediated negative feedback control of ERK1/2-induced NKCC1
phosphorylation.

¢ TRPV1 activation elicits increases in IL-6 and IL-8 release through two TAK1-
dependent signaling pathways leading to NF-kB activation. One of them depends on
JNK1 activation while the other is INK1-independent.

o Positive feedback control of INK1 activation by NF-kB is required for capsaicin to elicit
IL-6 and IL-8 rises. NF-kB mediates such regulation through changes in DUSP1
expression, which in turn modulate JNK1 phosphorylation. NF-kB may control DUSP1
expression by altering PKCd expression.

¢ Endocannabinoids may have therapeutic potential in reducing declines in epithelial
barrier function occurring in some types of dry eye disease.

e Drug-induced modulation of TAK-1 activation is a potential target to selectively
suppress dysregulated inflammation without compromising TRPV1 promotion of
wound healing.

e Corneal epithelial debridement is a relatively mild injury, which is not severe enough to
induce a chronic inflammatory response; therefore it does not lead to sufficient TRPV1
activation to elicit a dysregulated inflammatory response.
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Physiology and Pharmacology

TRPV1 Activation Is Required for Hypertonicity-
Stimulated Inflammatory Cytokine Release in Human

Corneal Epithelial Cells

Zan Pan,"* Zbeng Wang,' Hua Yang,' Fan Zbhang," and Peter S. Reinach'

Purpose. To determine whether hypertonic stress promotes
increases in inflaimmatory cytokine release through transient
receptor potential vanilloid channel type 1 (TRPV1) signaling
pathway activation in human corneal epithelial cells (HCECs).

MEeTrHODS. Hyperosmotic medium was prepared by supple-
menting isotonic Ringers solution with sucrose. Ca>* signaling
was measured in fura2-AM-loaded HCECs using a single-cell
fluorescence imaging system. Western blot analysis evaluated
the phosphorylation status of EGFR, ERK, p38 MAPK, and
nuclear factor (NF)-kB. ELISA assessed the effect of TRPV1
activation on the release of IL-6 and IL-8.

ResuLts. A 450 mOsm hypertonic stress elicited 2-fold Ca**
transients that were suppressed by the TRPV1-selective antag-
onists capsazepine and JYL 1421. Such transients were en-
hanced by PGE2. Hypertonicity-induced EGF receptor (EGFR)
transactivation was suppressed by preincubating HCECs with
capsazepine, matrix metalloproteinase 1 (MMP1) inhibitor
TIMP-1, broad-spectrum MMP inhibitor GM 6001, heparin-
bound (HB)-EGF inhibitor CRM 197, or EGFR inhibitor AG
1478. ERK and p38 MAPK and NF-«B activation after EGFR
transactivation occurred in tonicity and in a time-dependent
manner. Hypertonicity-induced increases in IL-6 and IL-8 re-
leases were suppressed by exposure to capsazepine, AG 1478,
ERK inhibitor PD 98059, p38 inhibitor SB 203580, or NF-kB
inhibitor PDTC.

Concrusions. Hypertonic stress- elicited TRPV1 channel stimu-
lation mediates increases in a proinflaimmatory cytokine IL-6
and a chemoattractant IL-8 by eliciting EGFR transactivation,
MAPK, and NF-«B activation. Selective drug modulation of
either TRPV1 activity or its signaling mediators may yield a
novel approach to suppressing inflammatory responses occur-
ring in dry eye syndrome. (Invest Opbthalmol Vis Sci. 2011;52:
485-493) DOI:10.1167/i0vs.10-5801

he superficial corneal epithelial layer protects the cornea
from losses in tissue transparency and deturgescence re-
sulting from environmental insults. This barrier function main-
tenance is dependent on the continuous renewal of corneal
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epithelial cells and the integrity of tight junctions between the
superficial epithelial cells in this layer. One environmental
stress that can compromise corneal epithelial barrier function
is exposure to hyperosmotic tear film, which occurs in dry eye
disease."*Increases in tear osmolarity promote ocular surface
inflammation by activating proinflammatory cytokine release
and enhancing inflammatory cell infiltration. These tear gland
dysfunction and tear film instability; thus, corneal erosion and
opacification may ensue. Although therapeutic approaches
such as hypotonic or isotonic artificial tears provide symptom-
atic relief in dry eye disease patients by lowering their tear
osmolarity,>*development of drugs that can effectively sup-
press receptor-mediated inflammation is limited.

Emerging evidence indicates that the transient receptor potential
vanilloid family members mediate responses to osmotic stress. TRPV
channels function as a trans-plasma membrane ion entry pathway
composed of six transmembrane-spanning subunits in the form of a
tetramer. There are seven members (TRPV1-TRPV?) in this subfam-
ily. Only 2 of 7 members have been documented to be activated by
osmotic challenges. Our earlier study reveals TRPV4 contributes to
hypo-osmosensing mechanism and initiates regulatory volume de-
crease in HCECs. Similar findings have been made in rat neurons,
HaCaT cells, and human airway smooth muscle cells.>" ®*However,
exposure to hyperosmotic challenges does not induce TRPV4 chan-
nel activation in HCECs and some other tissues.® ¢

Some studies have identified TRPV1 as a hyperosmotic sensor. Liu
et al.'"" found that hypertonicity sensitized capsaicin induced Ca>"
transients and enhanced TRPV1 translocation to plasma membrane
in rat trigeminal neurons. Sharif et al. '* and Yokoyama et al.'?
revealed that an N-terminal variant of the TRPV1 channel is required
for hyperosmotic sensing but not for hypertonicity-induced regula-
tory volume increase in arginine vasopressin (AVP)-releasing neurons
in supraoptic nucleus. On the other hand, it remains uncertain
whether TRPV1 serves as a hyperosmotic sensor to stimulate fluid
intake.'*'® In addition, there is limited information regarding the role
of TRPV1 hyperosmosensor in nonneuronal tissues. In HCECs,
TRPV1 activation by capsaicin induces increases in IL-6 and IL-8
release through mitogen-activated protein kinase (MAPK) pathway
stimulation.®As increases in IL-6 and IL-8 contribute to inflammation
occurring in dry eye disease, it is possible that TRPV1 activation by
hypertonicity can contribute to these increases.

The signaling mechanism through which hypertonic stress in-
creases proinflammatory cytokine release is of great interest. EGF
receptor (EGFR) and its linked signaling cascades are not only a key
promoter of cell proliferation and migration but also a critical medi-
ator of various pathophysiological events.'”EGFR activation has been
identified in response to UV light, osmotic stress, membrane depo-
larization, cytokines, chemokines, and cell adhesion elements. In the
corneal epithelium, EGFR transactivation is elicited by lysophospha-
tidic acid (LPA), adenosine triphosphate (ATP), wounding, and
flagellin."®These findings prompted us to determine whether hyper-
osmotic stimuli-induced increases in proinflammatory cytokine re-
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lease are dependent on EGFR transactivation and the role of TRPV1
in such processes.

MAPK family activation, a downstream event of EGFR stimu-
lation, can also be triggered by osmotic shock. Both hypertonic
and hypotonic exposures can activate MAPK.'®'*Exposure of the
mouse corneal surface to hypertonic stress stimulated ERK, p38,
and Jun NH,-terminal kinase JNK) MAPK signaling, which led to
increases in IL-13, TNFa, and metalloproteinase (MMP)-9 expres-
sion levels.>>*'Both the duration and the magnitude of MAPK
phosphorylation are determinants of types of responses induced
by their activation.”’In HCECs, the duration and magnitude of
ERK and p38 phosphorylation determined EGF-induced prolifer-
ation and migration. Prolonged p38 phosphorylation by suppres-
sion of ERK signaling pathway promotes EGF-induced migration.
On the other hand, proliferation was enhanced when ERK phos-
phorylation was prolonged by eliminating glycogen synthase ki-
nase (GSK-3)-induced dephosphorylation of ERK.?*** Such mod-
ulation of MAPK-induced signaling by EGF and neural growth
factor (NGF) occurs in PC12 cells, a neural precursor cell line.
With EGF, ERK MAPK activation peaked at 5 minutes and then
rapidly declined. This pattern of ERK activation promoted cell
proliferation. In contrast, with NGF, ERK activation remained
high for hours, and the cells stopped proliferating and instead
differentiated into neurons.**As different responses induced by
TRPV1 and EGF activation are both dependent on MAPK signal-
ing, it is convincible that each of the responses is associated with
a unique pattern of MAPK stimulation.

Another mediator in the process of hypertonicity-induced
inflammation is nuclear factor (NF)-kB protein. NF-«B is a latent
transcription factor that lies at the center of many inflammatory
responses induced by infection and injury.?®~®* NF-kB is im-
plicated in mediating dry eye-induced ocular surface inflam-
mation because the inhibition of NF-kB reduces the inflamma-
tory response.! However, given the complex etiology of dry
eye inflammation, including cytokines, chemokines, and
MMPs, the importance of NF-kB responsiveness to hypertonic
stress is unclear in HCECs. Furthermore, the interaction be-
tween MAPK and NF-«B in mediating inflammation depends on
types of stimuli and cells.>® **Therefore, investigation is war-
ranted to probe for the role of MAPK and NF-kB in hyperto-
nicity-induced inflammation in corneal epithelial cells.

In the present study, we identified that exposure to hyper-
osmotic stimuli activated the TRPV1 channel. This resulted in
EGFR transactivation through metalloproteinase-dependent
HB-EGF shedding. TRPV1-EGER signaling cascades contributed
to the phosphorylation of ERK and p38 MAPK and to subse-
quent activation of NF-«B, leading to increases in IL-6 and IL-8
release.

MATERIALS AND METHODS

Materials

TRPV1 inhibitor capsazepine, EGFR antagonist AG 1478, PGE2, MMP-1
inhibitor TIMP1, broad-spectrum MMP inhibitor GM 6001, HB-EGF
inhibitor CRM 197, ERK inhibitor PD 98059, p38 inhibitor SB 203580,
and NF-«B inhibitor pyrrolidinedithiocarbamate (PDTC) were pur-
chased from Sigma-Aldrich (St. Louis, MO). The TRPV1 inhibitor JYL
1421 was a generous gift from Jeewoo Lee (College of Pharmacy, Seoul
National University, Seoul, South Korea). Antibodies of phospho-EGFR,
total-EGFR, phospho-ERK, total-ERK, total-p38, and B-actin were from
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phospho-p38 and
phospho-IkB-a were from Cell Signaling Technology (Danvers, MA).
IL-6 and IL-8 ELISA kits were from R&D Systems (Minneapolis, MN).

Cell Culture

SV40 adenovirus-immortalized HCECs a generous gift from Araki-
Sasaki, (Kagoshima Miyata Eye Clinic, Kagoshima, Japan), were cul-
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tured in supplemented Dulbecco’s modified Eagle’s medium (DMED/
F12). After reaching 80% to 90% confluence, cells were detached with
0.5% trypsin-EDTA and were subcultured in DMEM/F12 medium sup-
plemented with 10% fetal bovine serum (FBS), 5 ng/mL EGF, 5 ug/mL
insulin, and 40 pg/mL gentamicin in a humidified incubator with 5%
CO,, 95% atmosphere air at 37°C.

Intracellular Calcium Fluorescence Imaging

Relative changes in intracellular Ca®>" concentration were measured with
ISEE 5.5.9 analytical imaging software in conjunction with a single-cell
fluorescence imaging system (Inovision Corp., Raleigh, NC). HCECs
grown on circular 22-mm coverslips were loaded with 3 uM fura 2-AM
(Invitrogen-Molecular Probes, Carlsbad, CA) at 37°C for 50 minutes with
or without test compounds. Cells were then washed with prewarmed
(37°C) NaCl Ringer’s solution (138 mM NaCl, 5 mM KCI, 1 mM CaCl,, 1
mM KH,PO,, 1 mM MgCl,, 10 mM glucose, and 10 mM HEPES, pH 7.4,
300 mOsm). Hyperosmotic solutions were created by supplementing
sucrose in the isotonic Ringer’s solution. Sucrose increases hyperosmotic
stress without changing transmembrane ionic strength.>*Osmolarities of
375 mOsm, 450 mOsm, 500 mOsm, and 600 mOsm were produced by
adding 75 mM, 150 mM, 200 mM, and 300 mM sucrose, respectively, to
the Ringer’s solution. Osmolarity was verified based on measurements of
freezing-point depression (Micro-Osmette Osmometer; Precision System,
Natick, MA). Ca*"free solution was formulated by eliminating CaCl, and
adding 2 mM EGTA in the Ringer’s solution. Coverslips were placed on
the stage of an inverted microscope (Diaphot 200; Nikon, Tokyo, Japan),
on which cells were alternately illuminated every 5 seconds at 340 and
380 nm; signal emission was monitored at 510 nm using a charge-coupled
device camera (Roper Scientific; Photometrics, Tucson, AZ). Microscopic
fields containing five to 10 cells were examined; at least three coverslips
were used for each condition. Results were plotted as mean of ratio of
F340/F380 nm * SEM from at least three independent experiments.

Western Blot Analysis

HCECs cultured on 33-mm culture dishes were lysed using lysis buffer
containing 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM [-glycerol phos-
phate, and 1 mM Na;VO,, pH 7.5, with a protease inhibitor mixture (1
mM PMSF, 1 mM benzamidine, 10 wug/mL leupeptin, and 10 ug/mL
aprotinin) for at least 10 minutes Cells were scraped with a rubber
policeman, followed by sonication (4 seconds by 4 cycles at 50 mV)
and centrifugation (13,000 rpm for 15 minutes at 5°C). Supernatants
were harvested and stored at —80°C until analysis. The protein con-
centration of each lysate was determined by bicinchoninic acid assay
(micro BCA protein assay kit; Pierce Biotechnology, Rockford, IL).
After boiling samples for 5 minutes, equal amounts of protein were
fractionated onto 10% SDS-polyacrylamide gels, followed by electro-
phoresis and blotting onto polyvinylidine difluoride membranes (Bio-
Rad, Hercules, CA). Membranes were blocked with blocking buffer, 5%
fat-free milk in 0.1% Tris-buffered solution/Tween-20, for 1 hour at
room temperature and then probed overnight at 5°C with antibodies of
interest (1:1000). Membranes were incubated with goat anti-rabbit or
mouse IgG for 1 hour at room temperature (1:2000). Immunobound
antibody was visualized using an enhanced chemiluminescence detec-
tion system (ECL Plus; GE Healthcare, Piscataway, NJ). Images were
analyzed by densitometry (SigmaScan Pro; Sigma). All experiments
were repeated at least three times unless otherwise mentioned.

ELISA

ELISA (R&D Systems) for IL-6 and 11-8 was performed according to the
manufacturer’s instructions. The amount of IL-6 or IL-8 in the culture
medium was normalized according to the total amount of cellular protein
lysed with 5% SDS and 0.5 N NaOH. Results are expressed as mean of
picograms of IL-6 or IL-8 per milligrams of cell lysate = SEM (1 = 3).
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RESULTS

Hyperosmotic Stress Activates TRPV1 Channel

We determined whether a hyperosmotic challenge could elicit
the same response in HCECs by evaluating Ca**-sensitive flu-
orescence intensity after a 450 mOsm hyperosmotic medium
was carefully introduced. The 450 mOsm (150 mM sucrose)
was chosen because it stimulated significant Ca®>" transients
without causing HCEC detachment. Figure 1A shows a typical

FIGURE 1. Hypertonicity-induced TRPV1 activation in HCECs. (A) Flu-
orescence intensity output at 510 nm was monitored, resulting from
alternate excitation of wavelengths 340 and 380 nm. Their ratios were
indicative of relative changes in intracellular Ca** concentration. The
basal fluorescence level was measured for 2 minutes, followed by a
10-minute recording in 450 mOsm sucrose-enhanced medium (filled
circle). Control fluorescence trace (open circle) was obtained in the
300 mOsm iso-osmotic medium. A sham substitution was performed
after 2 minutes that did not change the fluorescence ratio. The arrow
under fluorescence traces indicate the presence of 450 mOsm or sham
(300 mOsm) medium. (B) Cells were pretreated with PGE2 (1 uM),
TRPV1 inhibitor capsazepine (10 uM) or JYL 1421 (1 uM), or exposure
to Ca**-free medium added with 2 mM EGTA for 30 minutes before
450 mOsm medium was introduced. Changes in fluorescence intensity
are summarized and expressed as mean = SEM (z = 3). Each of the
indicated conditions was performed in triplicate, and 5 to 10 cells per
condition were monitored. *P < 0.01 vs. untreated control. **P < 0.01
vs. treated with 450 mOsm medium alone.
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time-dependent effect of substitution of an isotonic medium
with a 450 mOsm medium on fura2-loaded cells. A 2-minute
basal fluorescence level was recorded. Within 20 seconds,
exposure to the 450 mOsm medium (indicated by arrow)
doubled (z = 3) the increases in Ca®’" transients: the ratio
increased from 0.35 * 0.01 to a maximal value 0.73 = 0.02.
This was followed by a nearly complete recovery to the basal
level within the next 400 seconds (filled line). Sham substitu-
tion with an isotonic solution failed to elicit any change of
Ca®" level (empty line). Recent studies show that in rat pul-
monary sensory neurons, PGE2 enhanced capsaicin-induced
increases in the whole cell currents density and action poten-
tial frequency.>*We then examined in HCECs whether PGE2
can enhance TRPV1 channelinduced Ca®” influx. Figure 1B
shows that pretreatment with PGE2 (1 uM) increased hyper-
tonicity-induced Ca®* transients by 32.4% * 3%. JYL 1421 is a
more potent TRPV1 antagonist than capsazepine.>®> Exposure
to capsazepine (10 uM) or JYL 1421 (1 uM) suppressed Ca**
transients by 65% * 2% and 81% * 3%, respectively. Similarly
Ca’"free extracellular medium supplemented with EGTA (2
mM) suppressed Ca®" transients by 89% =+ 2%. Thus, hyperto-
nicity stimulated TRPV1 channel-mediated Ca*" influx.

Hypertonicity-Stimulated TRPV1
Transactivates EGFR

Because various mediators elicit responses through the trans-
activation of EGFR, we examined whether TRPV1 stimulation
is required for hypertonicity-induced EGFR transactivation and
the underlying mechanism of such transactivation. In Figure 2A,
both 450 mOsm medium and EGF (5 ng/mL) stimulated EGFR
phosphorylation (p-EGFR) by 10.6-fold (lanes 2 and 5). Such
increases in p-EGFR formation were suppressed with either
pretreatment with an EGFR antagonist AG 1478 (10 uM, lane
3) by 86% or capsazepine (10 uM, lane 4) by 77.5%. Concur-
rent exposure to EGF and the hyperosmotic medium pre-
vented the inhibitory effect of capsazepine on p-EGFR forma-
tion (lane 3 vs. lane 7). On the other hand, EGF and
hyperosmotic dual stimuli only slightly alleviated AG 1478
inhibition of p-EGFR (lane 3 vs. lane 6). These results indicate
that EGF can phosphorylate EGFR regardless of TRPV1 activity,
whereas TRPV1 activation-induced phosphorylation of EGFR
occurred only when EGFR was not inhibited. Therefore, hy-
pertonicity induces EGFR transactivation by stimulating TRPV1
channels.

The MMP-dependent HB-EGF shedding process mediates
EGFR transactivation by injury, ATP, and LPA.2'3%37 We ex-
plored whether similar signaling cascades are required for
hypertonicity-induced EGFR transactivation by TRPV1. In Fig-
ure 2B, TIMP-1 (100 ng/mL), an MMP-1-specific inhibitor, GM
6001 (50 uM), a broad-spectrum MMP inhibitor, or CRM 197
(10 pg/mL), an HB-EGF inhibitor, suppressed 450 mOsm chal-
lenge-induced p-EGFR formation by 71%, 65%, and 85%, re-
spectively. Thus, hyperosmotic challenge-elicited p-EGFR for-
mation was suppressed by blocking TRPV1, MMP, or HB-EGF,
indicating TRPV1-mediated MMP-dependent HB-EGF shedding
underlies hypertonicity-induced EGFR transactivation.

MAPK Is Activated after TRPV1 Transactivation
of EGFR

We have previously reported that p38 MAPK activates Na-K-2
Cl cotransporter 1, which is critical for hypertonicity-induced
regulatory volume increases and cell survival.'®'® In addition,
p38 and JNK activation mediates hypertonicity-induced in-
creases in IL-18 secretion in HCECs.*® Other studies indicate
that a global activation of MAPK signaling occurs when corneal
epithelial cells are exposed to hyperosmolar stress.' We exam-
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FIGURE 2. Dependence of hypertonicity-induced EGFR transactiva-
tion on TRPV1 stimulation. (A) Cells were pretreated for 30 minutes
with a TRPV1 antagonist capsazepine (10 uM) or an EGFR inhibitor AG
1478 (10 uM) before 450 mOsm medium or EGF (5 ng/mL) was
introduced. (B) Cells were pretreated for 30 minutes with an MMP-1
inhibitor TIMP-1 (100 ng/mL), a broad-spectrum MMP inhibitor GM
6001 (50 wM), or an HB-EGF inhibitor CRM 197 (10 pg/mL), followed
by exposure to 450 mOsm medium for 5 minutes. Exposure to EGF
alone served as a positive control. Cell extracts were probed for
phosphorylated EGFR (p-EGFR) using anti-p-EGFR antibody by West-
ern blot analysis. Membranes were then stripped and reprobed for total
EGFR (t-EGFR) using anti-t-EGFR antibody. Amounts of t-EGFR served
as loading controls. Results of a representative experiment are given.
Results are summarized in a bar graph below and expressed as mean *
SEM (n = 3). *P < 0.01 vs. untreated control. ** P < 0.01 vs. treated
with 450 mOsm medium alone.

ined ERK and p38 MAPK activities after hypertonicity-stimu-
lated TRPV1-EGFR signaling.

Hyperosmotic stimuli induced ERK and p38 phosphoryla-
tion in ways that were tonicity and time dependent. Increases
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in tonicities from 300 to 600 mOsm elicited biphasic changes
in the amounts of p-ERK and p-p38 (Fig. 3A), with maximal
p-ERK and p-p38 formations at 500 mOsm and 450 mOsm,
respectively. Figure 3B shows that on exposure to 450 mOsm,
p-ERK and p-p38 formation was elevated until 60 minutes,
followed by partial return to basal levels at 120 minutes

To determine the roles of TRPV1 and EGFR in mediating
MAPK responses to a hyperosmotic challenge, the effect of
either TRPV1 or EGFR suppression on ERK and p38 phosphor-
ylation was studied. In Figure 4A, capsazepine (10 uM, lane 3)
and AG 1478 (10 uM, lane 4) suppressed ERK phosphorylation
(p-ERK) during exposure to 450 mOsm by 66% and 51%,
respectively. In addition, ERK phosphorylation was abolished
by its inhibitor, PD 98059 (10 uM, lane 7). EGF rescued
capsazepine-suppressed p-EGFR but did not alter AG 1478
inhibition of p-EGFR in the presence of the hyperosmotic
medium (Fig. 2A). We evaluated whether EGF had the same
effect on p-ERK as it had on p-EGFR formation when either
TRPV1 or EGFR was inhibited. Accordingly, cells were ex-
posed to 450 mOsm medium supplemented with 5 ng/mL EGF
after pretreatment with either capsazepine (10 uM) or AG
1478 (10 puM). The combination of EGF and hyperosmotic
stimuli resulted in complete recovery of p-ERK formation from
capsazepine suppression (Fig. 4A, lane 3 vs. lane 5). The
amount of p-ERK returned to the same level as that induced by
450 mOsm medium or EGF alone (lanes 2 and 8). However,
this double-stimuli strategy did not overcome AG 1478 inhibi-
tion of p-ERK (lane 6). In other words, EGF prevented capsaz-
epine from suppressing hypertonicity-induced ERK phosphor-
ylation. This occurred because EGF can directly activate EGFR-
linked MAPK signaling. Therefore, hypertonicity-induced ERK
activation is dependent on EGFR transactivation by TRPV1.

Similarly, the hypertonicity-stimulated p38 response to ei-
ther TRPV1 or EGFR inhibition mirrors the ERK response. In
Figure 4B, either capsazepine(10 uM, lane 3), AG 1478 (10 uM,
lane 4), or a p38 antagonist, SB 203580 (10 uM, lane 7),

FIGURE 3. Hypertonicity activation of ERK and p38 MAPK in a tonic-
ity- and a time-dependent manner. (A) Cells were exposed to 300, 375,
450, 500, and 600 mOsm media for 15 minutes. (B) Cells were exposed
to 450 mOsm medium for 0, 2.5, 5, 15, 30, 60, and 120 minutes.
Western blot analysis was used to detect phosphorylated ERK (p-ERK)
and phosphorylated p38 (p-p38). Membranes were then stripped and
reprobed for B-actin to validate the loading equivalence.
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FIGURE 4. Effects of TRPV1 and EGFR modulation on hypertonicity-
induced ERK and p38 MAPK activation. (A) Cells were pretreated for
30 minutes with capsazepine (10 uM), AG 1478 (10 uM), or an ERK
inhibitor PD 98059 (10 uM) before exposure to 450 mOsm medium or
EGF (5 ng/mL). Cell extracts were subjected to Western blot analysis
with anti-p-ERK. Membranes were then stripped and reprobed for
total ERK (t-ERK) using anti-t-ERK antibody. (B) Cells were pretreated
for 30 minutes with either capsazepine (10 uM), AG 1478 (10 uM), or
p38 inhibitor SB 203580 (10 uM) before exposure to 450 mOsm
medium or EGF (5 ng/mL). Cell extracts were subjected to Western
blot analysis with anti-p-p38. Membranes were then stripped and
reprobed for total p38 (t-p38) using anti-t-p38 antibody. Results are
summarized in bar graphs and expressed in mean = SEM (n = 3). *P <
0.01 vs. untreated control. *P < 0.01 vs. treated with 450 mOsm
medium alone.

suppressed hypertonicity-stimulating phosphorylated p38 to
levels lower than their control (lanes 3, 4, 7). Exposure to a
combination of EGF (5 ng/mL) and the 450 mOsm medium
restored p-p38 formation despite the presence of capsazepine;
phosphorylation of p38 reached 1.3-fold the level of p38 for-
mation induced by 450 mOsm medium alone (lane 3 vs. lane 5). In
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the presence of EGF, AG 1478 suppressed p-p38 formation
near the control level (lane 6). Therefore, hypertonicity acti-
vated ERK and p38 MAPK through TRPVI1-mediated EGFR
transactivation.

NF-kB Is Activated after TRPV1 Transactivation
of EGFR

NF-kB activation mediates a host of physiological responses
that include increases in proinflammatory cytokine re-
lease.?°"?® We determined the impact of hyperosmotic
stress on NF-«kB in the presence of an inhibitor of TRPV1,
EGFR, ERK, or p38. To make this assessment, NF-kB activa-
tion was evaluated based on changes in phosphorylation
status of the NF-«B inhibitory component, IkB-a, in response
to 450 mOsm medium. Such a readout evaluates NF-«xB
activation because NF-«kB stimulation occurs only when
IkB-a is phosphorylated, which enables IkB-a to detach
from its complexation with NF-kB and allows active compo-
nents of NF-kB, RelA, and p50 to translocate to the nucleus
and initiate gene transcription and expression.

Figure 5A shows that increases in IkB-a phosphorylation
(p-IkB-a) occurred in a tonicity-dependent manner after 1-hour
exposure to either 300 (isosmotic), 375, or 450 mOsm me-
dium. The selectivity of these effects was validated by showing
that with the NF-«B inhibitor PDTC (50 uM, lane 4), IkB-«
phosphorylation was completely suppressed. Figure 5B shows
that with 450 mOsm medium, p-IkB-a formation increased to
reach a maximal level after 1 hour, which was followed by a
partial decline during the next hour.

To document how 450 mOsm stress induced p-IkB-a for-
mation, we compared the effects of TRPV1, EGFR, ERK, or p38
inhibition on this response. Figure 6 shows that at 1 hour
p-IkBa formation increased by more than 8-fold. Ten uM cap-
sazepine suppressed p-IkB-a by approximately 90% (lane 3).
AG 1478 (10 puM), PD 98059, and SB 203580 suppressed
p-IkB-a formation by 77%, 56%, and 69%, respectively (lanes
5-7). With capsazepine (10 uM) in the 450 mOsm medium,
EGF (5 ng/mL) supplementation induced an approximately

FIGURE 5. Hypertonicity stimulation of IkB-a phosphorylation in to-
nicity and in a time-dependent manner. (A) Cells were exposed to 300,
375, and 450 mOsm media for 1 hour. Specificity of IkB-a phosphor-
ylation was validated with pretreatment of NF-«B inhibitor PDTC (50
uM) before exposure to 450 mOsm medium. (B) Cells were exposed
to 450 mOsm medium for 0, 5, 30, 60, and 120 minutes. Cell extracts
were subjected to Western blot analysis for phosphorylated IkB-a
(pIkB-o) with anti-p-IkB-a antibody. Membranes were then stripped
and reprobed for B-actin using anti-B-actin antibody to validate load
equivalence.
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FiGURe 6. Effects of modulation of TRPV1, EGFR, ERK, and p38 on
hypertonicity-induced IkB-a phosphorylation. Cells were pretreated
for 30 minutes with capsazepine (10 uM), AG 1478 (10 uM), PD 98059
(10 uM), or SB 203580 (10 uM) before exposure to 450 mOsm
medium or EGF (5 ng/mL). Cell extracts were probed for p-IkB-a by
Western blot analysis. Membranes were then stripped and reprobed
for B-actin using anti-B-actin antibody. Results were summarized in bar
graphs and expressed as mean = SEM (nz = 3). *P < 0.01 vs. untreated
control. *P < 0.01 vs. treated with 450 mOsm medium alone.

4.6-fold increase in p-IkB-a formation above that obtained in
the absence of EGF (lane 3 vs. lane 4). Declines of p-IkB-«
formation elicited by the suppression of EGFR, ERK, and p38
MAPK confirm that EGFR and its linked MAPK signaling con-
tribute to NF-kB activation. However, these individual declines
did not reach the baseline level, suggesting potential signaling
pathways in addition to those linked with EGFR affect NF-«B
activity.

Hypertonicity Induces Increases in IL-6 and IL-8
Release through TRPV1 Activation and EGFR
Pathway Transactivation

TRPV1 channel activation by capsaicin in HCECs induces in-
creases in IL-6 and IL-8 release through transient increases in
plasma membrane Ca®" and global MAPK stimulation.'® We
determined whether exposure to 450 mOsm induced a similar
response through the same pathways activated by capsaicin. In
450 mOsm hyperosmotic medium, IL-6 (Fig. 7A) and IL-8 (Fig.
7B) release increased by 2.8- and 2.6-fold (lane 2), respectively,
whereas capsazepine (10 uM) abolished such increases (lane 3).
Therefore, hypertonicity-induced increases in IL-6 and IL-8 re-
lease are largely elicited through TRPV1activation by this chal-
lenge.

The role of EGFR and its linked MAPK and NF-kB pathway
in the stimulation of IL-6 and IL-8 release was studied by
blocking EGFR, ERK, p38, or NF-kB phosphorylation. In Fig-
ures 7A and 7B, inhibition of EGFR activation by AG 1478 (lane
4) resulted in decreases of IL-6 and IL-8 release by 77% and
86%, ERK inhibitor PD 98059 (10 uM, lane 5) by 52% and 84%,
and p38 inhibitor SB 203580 (10 uM, lane 6) by 71% and 84%,
respectively. PDTC (50 uM, lane 7) abrogated these increases
in IL-6 and IL-8 release. Thus, blockage of any aforementioned
component activated by hypertonicity resulted in declines in
IL-6 and IL-8 release. Inhibition of TRPV1 or NF-kB completely
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suppressed IL-6 and IL-8, whereas blockage of EGFR or MAPK
(ERK and p38) partially suppressed these cytokines. This result
is consistent with the finding that only a fraction of hyperto-
nicity-induced NF-kB phosphorylation is attributable to EGFR
and MAPK signaling pathways (Fig. 6).

FIGURE 7. Effects of TRPV1, EGFR, ERK, p38, and NF-«B inhibition on
hypertonicity-induced increases in IL-6 and IL-8 release. Cells were
pretreated for 30 minutes with capsazepine (10 uM), AG 1478 (10
M), PD 98059 (10 uM), SB 203580 (10 M), or NF-«B inhibitor PDTC
(50 uM) before exposure to 450 mOsm medium. After 24 hours’
incubation, supernatants were collected and analyzed for IL-6 (A) and
IL-8 (B) using ELISA. Results were normalized to sample protein con-
centrations (picogram per milligram protein lysates) and summarized
in bar graphs expressed as mean = SEM (n = 3). *P < 0.05 vs.
untreated control. **P < 0.05 vs. treated control with 450 mOsm
medium alone.
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In HCECs, capsaicin induced TRPV1 channel activation fol-
lowed by increases in plasma membrane Ca*" influx leading to
global MAPK stimulation and increases in IL-6 and IL-8 re-
lease.'® Some studies show that TRPV1 is required for osmo-
sensing hypertonic stimulus in various tissues.'’"'* We sought
to determine whether hyperosmotic stress can also induce
TRPV1 activation and increased IL-6 and IL-8 release in HCECs
given that increased tear film osmolarity is associated with
tissue inflammation in dry eye disease. Indeed, we found that
hyperosmotic stress induced TRPV1 activation, leading to in-
creases in IL-6 and IL-8 release. This occurred through EGFR
transactivation and its linked MAPK and NF-«B signaling path-
way stimulation.

Exposure to a 450 mOsm medium induced a transient
increase in plasma membrane Ca®*" influx (Fig. 1A). TRPV1
activation accounted for this response because capsazepine or
JYL 1421 reduced such influx, whereas PGE2 enhanced hyper-
tonicity-mediated TRPV1 Ca>" influx (Fig. 1B). This effect of
PGE2 may be attributable to TRPV1 sensitization because PGE2
in rabbit corneal epithelial cells stimulates adenylate cyclase
leading to elevated cAMP levels and protein kinase A (PKA)
activation.>”In some other tissues, it was shown that there are
consensus phosphorylation sites on TRPV1 for PKA-mediated
sensitization of this channel.”** However, hypertonicity-in-
duced Ca®™ transients through plasma membrane TRPV1 acti-
vation do not entirely account for these responses. This is
indicated because the suppression of TRPV1 did not com-
pletely suppress Ca®" transients (Fig. 1B). Similar results are
found in dorsal root ganglion neurons in which heat-induced
TRPV1 activation accounts for only 47% of the increases in
intracellular Ca®>", whereas total extracellular Ca®>" influx ac-
counts for 76%.%® A possible source for the remaining intracel-
lular Ca®" increases may be release from intracellular Ca**
stores. Several possible pathways—IP3- and ryanodine-sensi-
tive Ca®>" pathways, which were identified in corneal epithelial
cells and in some other tissues—can mediate such re-
lease.®°~ %2 Therefore, hypertonicity-induced Ca®* transients
may arise from both TRPV1-mediated trans-plasma membrane
influx and release from intracellular store, though TRPV1 stim-
ulation accounts for most of the increases in intracellular Ca®"
influx.

EGFR and its linked signaling pathways serve as a hub for
various extracellular stimuli to elicit cell inflammation, prolif-
eration, migration, and differentiation. These stimuli include
G-protein- coupled receptor ligands (phenylephrine, carba-
chol, thrombin, endothelin-1), physical/chemical stress (Ca**
or K" influx, wound, UV-B, oxidative stress, anisosmotic con-
ditions), and growth factors and cytokines (EGF, insulin-like
growth factor, basic fibroblast growth factor, IL-13, IL-8).%3%%
With hypertonic stress, EGFR transactivation occurs to induce
increases in inflammatory mediator PGE2 and cyclooxygen-
ases-2 (COX-2) stimulation in renal medullary epithelial cells. 45
EGFR transactivation in corneal epithelial cells occurred
through TRPV1 activation by hypertonic stress, leading to
MAPK/NF-«B signaling pathway stimulation. Such activation, in
turn, induced increases in IL-6 and IL-8 release. Our finding that
TRPV1 activation by hypertonic stress induced increases in IL-6
and IL-8 release broadens the diversity of responses in HCECs
that can be induced by EGFR transactivation.

The fact that EGF relieved capsazepine inhibition of EGFR
phosphorylation (Fig. 2A), ERK and p38 MAPK activation (Figs.
4A, 4B) and IkB-a stimulation (Fig. 6) validates that hyperto-
nicity-stimulated TRPV1 transactivates EGFR. We found, as
reported in a2 number of previous studies,*' that EGFR trans-
activation is dependent on MMP-1 activation, leading to EGF
release from its binding to heparin by sheddase (Fig. 2B). This
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is evident because hypertonicity-induced EGFR transactivation
was blocked by preinhibiting MMPs with TIMP-1 or GM6001
and HB-EGF sheddase with CRM 197. Yin and Yu*® docu-
mented that early (up to 10 minutes) ERK activation by ATP,
LPA, or wounding contributes to a disintegrin and metallopro-
tease (ADAM) activation and shedding of EGF from heparin
EGF in HCECs, whereas ERK activation after 10 minutes is
dependent on EGFR stimulation. Such early ERK activation was
instead controlled by calcium influx, Src kinase and PKC acti-
vation.*® We found that hypertonic challenge-induced MAPK
stimulation (Fig. 4) was obtained at 15 minutes. Presumably by
this time both EGFR-independent and -dependent ERK activa-
tion occurred. This consideration might explain why hyperto-
nicity-activated ERK was only partially blocked by the EGFR
inhibitor AG 1478 (Fig. 4A), whereas at the same time p38
activation was completely reduced to the control level by the
same compound (Fig. 4B). AG1478 only blocked the portion of
phosphorylated ERK that was dependent on EGFR. Our finding
that hypertonic-induced TRPV1 activation led to EGFR transac-
tivation suggested that increases in Ca®>" influx may be prereq-
uisite for EGFR transactivation. This suggestion is supported by
two studies in which ionomycin-dependent Ca*" influx acti-
vated EGFR by stimulating metalloproteinase cleavage of HB-
EGF.47'48

Hypertonic stress-increased IL-6 and IL-8 release was largely
but incompletely suppressed by the EGFR inhibitor AG1478
(Fig. 7). Similarly, the suppression of EGFR did not abolish
ERK, p38 (Figs. 4A, 4B), or NF-kB (Fig. 6). One explanation for
this partial rather than complete inhibitory effect of AG1478 is
that TRPV1 activation results in the stimulation of additional
signaling pathways parallel to EGFR transactivation. Such a
parallel cascade complements canonical EGFR-dependent sig-
naling either by enhancing the magnitude of NF-kB or by
modulating the duration or magnitude of MAPK activation.

Transforming growth factor B-activated kinase 1 (TAK1) is
indicated in mediating LPS-induced expression of inflammatory
mediators through NF-«B and p38 MAPK activation.*® Our data
(unpublished, 2009) also show a role for TAK1 in TRPV1
signaling because only capsaicin, but not EGF, caused the
phosphorylation of TAK1, which was suppressed by TAK1
inhibitor 5Z-7-oxozeaenol. Should TAK-1 mediate EGFR-inde-
pendent NF-kB and MAPK activation after TRPV1 stimulation,
TRPV1 activation- elicited inflammatory responses can be the
result of combined contributions by EGFR-dependent and TAK-
dependent (EGFR-independent) NF-«B signaling pathways.

Alternatively, control of the duration and magnitude of
MAPK activation may contribute to different outcomes by
capsaicin and EGF. Compared with EGF or hypotonicity, hy-
pertonicity-induced ERK and p38 MAPK activation was slo-
wer.??>° When exposed to the 450 mOsm solution, phospho-
Erk1/2 and phospho-p38 lasted more than 2 hours with the
peak at 1 hour (Fig. 3A), whereas with EGF or hypotonic stress,
activation occurred within 2 hours with the peak within 15
minutes.?>>' Such a difference in duration and magnitude of
MAPK activation may be modulated through mediated negative
feedback control of mitogen kinase protein phosphatases
(MKP/DUSP).?* Glycogen synthase kinase (GSK)-3 further reg-
ulates MPK/DUSP activity. Active GSK-3, trademarked by its
dephosphorylated form, phosphorylates and stabilizes DUSP1,
which enables DUSP1 to dephosphorylate and suppress ERK
and p38 signaling. However, once GSK-3 is inactivated by
EGF-induced phosphorylation, its control of MAPK signaling
through DUSPI1 is lost. Our recent study (unpublished data,
2010) shows that TRPV1 activation of JNK MAPK was also
regulated by the same mechanism. In DUSP1 knockdown cells,
capsaicin induced longer JNK phosphorylation and larger in-
creases in IL-6 and IL-8 than in occurred in wild-type cells. On
the other hand, in macrophages and other epithelial cells,
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FIGURE 8. Signaling pathways mediating hypertonicity stimulated in-
creases in IL-6 and IL-8. Hypertonic stress activated the TRPV1 channel.
TRPV1 stimulation leads to the transactivation of EGFR through MMP-
dependent HB-EGF shedding, followed by MAPK and NF-kB activation
and to EGFR-independent NF-kB stimulation. Activated NF-«B translo-
cates to nucleus and promotes the production of IL-6 and IL-8.

overexpression of DUSP1 shortened ERK, p38, and JNK acti-
vation, leading to the suppression of proinflammatory cytokine
expression.’?”>> These results suggest that TRPV1 activation
may elicit, through EGFR-linked signaling, increases in IL-6 and
IL-8 release by causing more rapid GSK-3 inhibition/phosphor-
ylation than that induced by EGF. As a result, DUSP1 degrada-
tion occurs so promptly that MAPK signaling activation grad-
ually increases, leading to increases in IL-6 and IL-8 release.
Efforts are warranted to address the effect of hyperosmotic
stimuli on DUSP phosphorylation and stabilization.

In summary, our results show that hyperosmotic stress-
induced increases in IL-6 and IL-8 release are dependent on
TRPV1 activation. Such stimulation transactivates EGFR
through MMP-mediated HB-EGF ectoderm shedding, conse-
quently activating ERK and p38 MAPK and NF-kB signaling
pathways. In addition, TRPV1 may activate a parallel EGFR-
independent signaling cascade, which enhances NF-«B activa-
tion magnitude and inflammatory cytokine expression (Fig. 8).
The identity of such a parallel pathway and its interaction with
the TRPV1/EGFR/MAPK/NF-«kB pathway is promised for future
investigation.
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Abstract

Epidermal growth factor (EGF) receptor stimulation
or protein kinase C (PKC) activation enhances
corneal epithelial cell proliferation. This response is
needed to maintain corneal transparency and vision.
We clarify here in human corneal epithelial cells
(HCEC) the cause and effect relationships between
ERK1/2 and NKCC1 phosphorylation induced by EGF
receptor or PKC activation. Furthermore, the roles
are evaluated of NF-xB and ERK1/2 in mediating
negative feedback control of ERK1/2 and NKCC1
phosphorylation through modulating DUSP1 and
DUSP6 expression levels. Intracellular Ca?* rises
induced by EGF elicited NKCC1 phosphorylation
through ERK1/2 activation. Bumetanide suppressed
EGF-induced NKCC1 phosphorylation, transient cell
swelling and cell proliferation. This cause and effect
relationship is similar to that induced by PKC
stimulation. NKCC1 activation occurred through time-
dependent increases in protein-protein interaction
between ERK1/2 and NKCC1, which were proportional

to EGF concentration. DUSP6 upregulation obviated
EGF and PKC-induced NKCC1 phosphorylation. NF-
kB inhibition by PDTC prolonged ERK1/2 activation
through GSK-3 inactivation leading to declines in
DUSP1 expression levels. These results show that
EGF receptor and PKC activation induce increases
in HCEC proliferation through ERK1/2 interaction with
NKCCL1. This response is modulated by changes in
DUSP1- and DUSP6-mediated negative feedback
control of ERK1/2-induced NKCC1 phosphorylation.

Copyright © 2011 S. Karger AG, Basel

Introduction

Corneal epithelial cell renewal is essentia for the
maintenance of tissuetransparency and visual acuity since
tight junctional barrier functionispreserved through this
process. This function is required for suppressing
pathogenic infiltration into the underlying stromaaswell
asmaintaining the smooth corneal optical properties. This
process is under autocrine and paracrine control by a
host of cytokines. They interact with their cognate
receptorsin the basal proliferating layer to modulate and
synchronizethe events associated with epithelial turnover
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[1, 2]. Receptor activation dlicits through a myriad of
interacting cell signaling pathways al of the responses
that underlie epithelial renewal.

Epidermal growth factor (EGF) isavery efficacious
promoter of cell proliferation and migration. Accordingly,
much effort has been directed towards delineating the
cell signaling pathwaysand transcription factors mediating
EGF receptor (EGFR) control of these responses[3]. A
number of studies indicate that EGFR activation dlicits
control of these responses through transient stimulation
of amyriad of interacting cell signaling kinase pathways
[4-6]. One aspect of this signaling process entails EGF
stimulation of KCI cotransporters (KCC), K* channels
and Na:K:2Cl cotransporter 1 (NKCC1) activity [7-9].
However, itisuncertain if ion transport stimulation leads
tocell volume swelling and if NKCC1 phosphorylation
is reflective of its activation by EGF. Furthermore, it is
unclear how changes in the expression levels of dual
specific protein phosphatases (DUSPs) that
dephosphorylate ERK1/2 are modulated to control the
mitogenic response to either EGFR or protein kinase C
(PKC) stimulation.

EGF stimulates cell proliferation and migration
through transient phosphorylation of the extracellular
regulated kinase (ERK), p38 and INK mitogen activated
protein kinase (MAPK) pathways [6, 10]. In addition,
the PI3-K/AKt/GSK pathway is activated, which has a
negative feedback effect on the duration and magnitude
of MAPK pathway activation. The extent of MAPK
suppression is dependent on ERK, p38 MAPK and
glycogen synthase kinase (GSK)-3a/p-mediated
phosphorylation of different DUSPs that have variable
MAPK substrate selectivity [11]. Gene microarray
analysis of human corneal epithelial cells (HCEC)
indicated that only DUSPs 1, 4, 5, and 6 are expressed at
significant levels by these cells. DUSP®6 is localized to
the cytoplasm and is selective for ERK1/2 whereas
DUSP5 isnuclear delimited and al so selectively interacts
with ERK1/2. On the other hand, DUSP1 and DUSP4
are more nonselective and modulate the patterns of
activation of the terminal kinases in the ERK, p38 and
INK pathways. We validated DUSP5 and DUSP6
selectivity by showing in HCEC that DUSP5 knockdown
with the appropriate short hairpin RNA (shRNA)
augmented the mitogenic response to EGF as a
consequence of sustained ERK 1/2 phosphorylation. On
the other hand, in a subline overexpressing DUSPS, this
response was suppressed through inhibition of ERK1/2
phosphorylation status [4]. Subsequent to ERK1/2
activation by phosphorylation, NF-«xB undergoesactivation

and nuclear trand ocation. In addition to ERK 1/2 and p38
mediating in HCEC control of DUSP phosphorylation
status, in enterocytes MKP-1 (i.e., DUSP1) expression
is elicited by NF-xB [12]. However, such a feedback
role for NF-kB has not been described in HCEC.
Clarification of thisquestion will provide additional insight
into how to control theincreasesin cell proliferation and
migration induced by EGFR or PK C stimulation.

Cell cycle progression and proliferation are
dependent on specific changes in cell volume during
different phases of the cell cycle [13, 14]. Swelling is
needed to accommodate the increases in chromatin
content for preserving its equivalence between the
parental and daughter cells. In the corneal epithelium,
the aforementioned increases in K* channel, KCC and
NKCCL1 activity occurring during cell cycle progression
can also be induced during exposure to an anisoosmatic
challenge resulting in activation of regulatory volume
behavior by HCEC and rabbit corneal epithelial cells[7,
15-19]. Exposure to a hypertonic challenge initially
induces shrinkage followed by restoration of isotonic
volume due to stimulation of NKCCL1 activity.
Alternatively, swelinginduced by exposureto ahypotonic
challenge elicits shrinkage through increases in KCl
efflux. Even though EGF stimulates NKCCL1 activity in
HCEC, itisunclear if itsactivation is sufficient to induce
swelling subsequent to a regulatory volume decrease
resulting from K* channel and KCC cotransporter
activation.

The dependence of amitogenic responseon NKCC1
activation has been established in a number of tissues
based on kinase-mediated increasesin its phosphorylation
status. Some of the kinases directly activating NKCC1
in dorsal root ganglion neurons are the sterile-20-like
kinases (SPAK) and oxidative stressresponse-1 (OSR1)
kinase. Upon their activation through phosphorylation by
upstream kinases, SPAK and OSR1 bind and
phosphorylate specific peptideson NK CC1 and stimulate
its activity. Upstream from these kinases are the with-
no-lysine (WNK1) kinase osmosensor. |ndependent of
these kinases, there may be others that also activate the
NKCC1. Some indication that other kinases may be
involved is that the residues on the NKCCL1 following
protein kinase A (PKA) activation by forskolin are
different than the targets of SPAK phosphorylation.
Similarly, some of the WNK kinases may not be
participantsin mediating NK CC1 phosphorylation since
expression of a WNK isoform mutant did not block
hypertonic-induced PKCa-mediated NKCC1
phosphorylation (i.e., activation) [20]. More recently, it
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was shown in human airway epithelia cells that PKC3
acted upstream of SPAK in the phosphorylation of the
NKCCL1 by hyperosmotic stress [21]. However, growth
factors do not activate the endogenous WNK1
osmosensor. Therefore, the identity of the kinase
mediating NK CC1 activation by growth factorsremains
dusive[22].

ERK pathway-dependent phosphorylation of this
cotransporter has also been identified in rat heart and
cardiomyocytes [23]. In HCEC, neither the extent of
ERK1/2 interaction with NKCC1 induced by PKC or
EGFR activation nor their cause and effect relationship
has been described. Another question is whether or not
EGF-induced intracellular calcium ([Ca] ) signaling is
requisitefor ERK pathway activation. Such apossibility
exists since in HCEC EGF-induced increases in [Ca?],
influx through transient receptor potential canonical 4
(TRPC4) channels are required for the mitogenic
response [24].

We show here in HCEC that both EGF and PKC-
induced increasesin cell proliferation are dependent on
NKCC1-induced cell swelling that occur asresult of ERK
pathway-mediated phosphorylation of this cotransporter.
This effect occurs through protein-protein interaction
between ERK 1/2 and NK CC1. As shown previously for
EGF, the mitogenic response to PKC is also negatively
regulated by cytoplasmic localized DUSP6 with high
specificity for phospho-ERK 1/2 (i.e., activated). These
results show that control of DUSP6 stabilization through
phosphorylation permits regul ation of the magnitude of a
cytokine-induced increase in cell proliferation. Another
negative feedback mediator is NF-kB whaose activation
by EGF a so modulates ERK 1/2 activation through control
of DUSPL1 expression levels.

Materials and Methods

Materials

The R5 antibody to detect NKCC1 phosphorylation is a
generous gift from B. Forbush (Yale University). The following
antibodies were purchased from Cell Signaling Technology,
Inc. (Beverly, MA): phospho-p38, phospho-SAPK/JINK,
phospho-Ser 21/9 GSK-3a/p and rabbit polyclonal 1gG. Anti-
ERK1, phospho-ERK 1/2, goat anti-mouse 1gG-HRP, goat anti-
rabbit |gG-HRP antibody, and anti-(H196) actin, anti-ERK1/2,
anti-p38, and B-actin antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Calcein-AM was
obtained from Invitrogen (Carlsbad, CA). Bumetanide, AG178,
phorbol dibutyrate (PDBuU), (1,2-Bis(2-aminophenoxy)ethane-
N,N,N’,N’-tetraacetic acid acetoxymethyl ester (BAPTA/AM),
PDTC (pyrroline dithiocarbamate), U0126, EGF, bovineinsulin,

gentamicin, and 0.05% trypsin-EDTA solution were purchased
from Sigma RBI (St. Louis, MO). Dulbecco’s modified Eagle’s
medium (DMEM)/F12 medium and fetal bovine serum (FBS)
were purchased from Gibco-Invitrogen (Carlsbad, CA).

Relative Cell Volume

Fluorescence was measured in HCEC after loading with 1
MM calcein-AM for 15 min at 23°C. Calcein-AM is a cell-
permeable calcein derivative that is cleaved and trapped in the
cytoplasm. Fluorescence was continuously measured with a
40x objective lens [oil immersion, numerical aperture (NA) 1.3]
using a Nikon Diaphot inverted epifluorescence microscope
equipped with halogen light source, calcein filter set (480-nm
excitation, 490-nm dichroic mirror, 535-nm emission),
photomultiplier detector, and 14-bit analog-to-digital converter.
HCEC cultured on glass coverslips were secured in a perfusion
chamber configured for rapid superfusion of a NaCl Ringers
(306 mOsm) solution. It contained (mM): NaCl 147.8, KCl 4.7,
MgCl, 0.4, glucose 5.5, CaCl, 1.8, and HEPES 5.3; pH adjusted
to 7.4. Increases in fluorescence intensity were proportional to
decline in osmolarity up to a 50% dilution with distilled water.

Western Blot analysis

Western blot experiments were performed as described
[5]. In brief, the HCEC were gently washed twice in cold
phosphate-buffered saline (PBS) and harvested in 0.5 ml cell
lysis buffer. Cell lysates were centrifuged at 13,000 rpm for 15
min and supernates were collected. Protein content was
measured with a bicinchoninic acid assay (BCA) protein assay
kit (Pierce Biotechnology, Chicago, IL), and 200 ug protein was
diluted with an equal volume of 2X Laemmli buffer. From 20 to
50 ug of denatured protein was electrophoresed on 10%
polyacrylamide sodium dodecylsulfate (SDS) minigels and
blocking polyvinylidene difluoride (PVDF) membranes with
nonfat dry milk. The blots were exposed to the appropriate
primary antibody overnight at 4°C. Then they were exposed to
a 1:2000 dilution of a secondary antibody with anti-rabbit, anti-
goat, or anti-mouse HRP labeled |gG for 1 h at room temperature.
The immunoreactive bands were detected with a Western blot
analysis kit (Amersham ECL Plus; GE Healthcare Lifesciences,
Piscataway, NJ). Films were scanned and band density was
guantified using image-conversion software (SigmaScan Pro
5.0; Systat Software, Inc., Mountain View, CA). The monoclonal
anti-ERK 1/2 and B-actin antibodies were used to test for protein
loading equivalence.

Coimmunoprecipitation

Cells were lysed with lysis buffer and spun at 13,000 rpm
for 10 min. An aliquot of supernatant containing 500 pg protein
was exposed to either an antibody to detect total NKCCL (i.e.,
T4), phosphorylated NKCC1 (i.e., R5) or total ERK 1/2 antibody
and gently agitated overnight at 4°C. The mouse monoclonal
anti-NKCC ~T4 was purchased from DSHB (Developmental
Studies Hybridoma Bank at the University of lowa, lowa City,
IA). The T4 antibody binds the carboxy-110 terminus portion
~MET-902 to SER-1212 of human NKCC1 protein.
Subsequently, protein A beads were added and cell lysates
were exposed for another 2 h at 4°C with gentle agitation. Beads
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were washed a few times with PBS and cell lysis buffer. The
pellets obtained were resuspended in 50 pl cell lysis buffer, to
which was added the same volume of 2X Laemmli buffer. The
mixture was boiled for 5 min and then subjected to Western
blot analysis with the appropriate antibody.

DUSP6 overexpression subline

This subline was previoudly established to determine the
negative feedback effect of DUSP6 on EGF-induced increases
in cytosolic ERK1/2 phosphorylation expression [4]. Stable
overexpression of DUSP6 open reading frames (ORF) was
accomplished using lentivectors based on the pLEX plasmid
(Open Biosystems). The pLEX cassette drives expression of a
MY C tagged ORF and the puror gene.

Cell Proliferation

[®H]-thymidine incorporation was performed as described
[25]. After 24 h of serum starvation in medium supplemented
with 0.5% bovine serum albumin, cells were incubated at 37°C
for 1 h with 1 pCi/mL [*H]-thymidine (3.3-4.8 TBg/mmol) and
then washed three times with ice-cold 5% trichloroacetic acid
and twice with cold 90% ethanol. Cell lysates were solubilized
with 0.2 N NaOH and 2% SDS. Radioactivity was monitored
using aliquid scintillation counter and the data were normalized
to cellular protein content using a modified Lowry assay.

Data Analysis

Data were analyzed using independent Student’s two-
tailed t-test. The data was considered significant if p<0.05.
Results are reported as mean + SEM for at least three
independent experiments unless otherwise indicated.

Results

Dependence of proliferation on NKCC1

activation

In corneal epithelial cells, the mitogenic responseto
EGF occurs through stimulation of ion transporters and
channel activity [8, 9]. To delineate if stimulation of
NKCC1 by either EGF or a PKC activator, PDBu, is
sufficient to induce this response, we determined their
individual effects on cell proliferation. Figure 1 shows
that during exposure to either 10 ng/ml EGF or 1 pM
PDBu, proliferation increased about 1.6 or 1.72-fold,
respectively whereas 30 min preincubation with 50 uM
bumetanide fully inhibited each of these responses
indicating that the mitogenic responseto EGF isdependent
on NKCC1 activation.

NKCC1 activation induces transient swelling

Eventhoughitisapparent that NKCC1 activationis
requisite for EGF and PK C-induced mitogenesis, it was
unclear if itsincrease in activity is associated with cell
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Fig. 1. NKCCL1 inhibition suppresses EGF and PDBu-induced
increasesin cell proliferation. HCEC were pretreated for 30 min
with bumetanide (BMT; 50 uM) and in some conditions were
then exposed for an additional 20 h to either PDBu (1 uM) or
EGF (10 ng/ml). Cellswereincubated for 1 hwith 1 uCi/mL [3H]-
thymidine. Protein content was determined with a BCA protein
assay kit. Data are presented as mean + SEM (n=3). * p < 0.05
versus untreated control.

swelling. To make this assessment, we determined if
relative cell volume increased during exposureto 10 ng/
ml EGF. Figure 2 (left panel) shows that after about 7
min cal cein emitted fluorescence increased morethan 2-
fold (Mean + SEM: n=5; p<0.001 versus untreated
control) followed by a return to a baseline value after
about 12 min. On the other hand, 30 min preexposure to
50 uM bumetanide suppressed thisrise by 68% showing
that NKCC1 activation contributesto thisresponse. The
inability of bumetanide to fully suppress EGF-induced
swelling may beindicative of acontribution by anincrease
in NacH exchanger activity to this response since EGF-
induces swelling in some other epithelia by stimulating
Na" influx viathis pathway.

We validated that the EGF-induced rise in
fluorescenceisreflective of swelling by exposingthe cells
to a 50% hypotonic challenge. Such a stress induces a
regulatory volume decrease response leading initially to
adecreasein cell volume below theisotonic volume. This
decline occurs in HCEC as a consequence of a net loss
of KCI mediated by stimulation of K* channel activity
and KCC activity [7, 8, 19]. Isotonic volumeiseventual ly
restored subsequent to a volume overshoot below the
isotonic volume. Thisoccursthrough NKCC1 activation
[16]. Figure 2 (right panel) shows that the transient
increase in fluorescence intensity induced by EGF was
mimicked by exposure to a 50% hypotonic challenge.
Therefore, thisresponseinduced by EGF isreflective of
transient cell swelling.

Wang/Bildin/Yang/Cap6-Aponte/ Yang/Reinach



Fig. 2. EGF induces transient HCEC swelling through NKCC1 activation. Calcein loaded HCEC attached to coverdlips were
placed in a chamber for superfusion of room temperature NaCl Ringers from syringes onto the stage of an epifluorescent
microscope. The epifluorescent emission was measured between 503 and 530 nm. Panel A shows that following signal stabilization
of about 3 min during control superfusion, the solution was substituted for another containing 10 ng/ml EGF (1) (Mean + SEM:
n=5 coverdlips; p<0.001 versus untreated control). After about 3 min, the corrected signal nearly rapidly doubled followed by
gradual decline to reach a baseline level after about 15 more min. Pre-exposure for 30 min to 50 pM bumetanide suppressed the
subsequent EGF-induced transient by about 70% (n=5; p<0.001). Panel B shows that substitution of the control 306 mOsm NaCl
Ringers with one diluted by 50% induced after about 1 min a transient increase in fluorescence reflective of swelling since calcein
is a self-quenching dye (n=4 coverdlips; p<0.005 versus isotonic control). The pattern of this transient was very similar to that
induced by EGF, but instead is reflective of hypotonic-induced stimulation of KCC and K* channel activity rather than NKCC1

activation by EGF shown in panel A [7, 17].

Time dependent increases in NKCC1

phosphorylation induced by EGF and PDBu

It iswell established that NK CC1 phosphorylation
by different kinases mediates activation of this
cotransporter [21]. Nevertheless, in fibroblasts there is
some uncertainty regarding the cause and effect
relationship between ERK1/2 and NKCC1 activation
sinceit wasreported that growth factor-induced NK CC1
activation precedes ERK1/2 phosphorylation [26].
However, ERK 1/2 and PK C3 activation induced NKCC1
phosphorylation in human tracheal epithelial cells[21].
We also used a R5 phospho-specific antibody to
determine the time dependence for changesin NKCC1
phosphorylation. R5wasraised to detect phosphorylation
of residues Thr212 and Thr217 in human NKCC1 [27].
Asthe pathways mediating ERK 1/2 phosphorylation by
EGF and phorbol esters are different from one another
[28], the time patterns were al so determined of changes
in p-ERK1/2 and p-NKCCL1 levels induced by 1 uM
PDBu. Figure 3A shows that after 5 min exposure to
EGF phosphorylation of ERK1/2 increased nearly 4.7-
fold, remained essentially stable until 30 min and waned
to reach at 90 min alevel similar to the baseline value.
After 15 min, NKCC1 phosphorylation increased to a

level similar to that reached by ERK1/2 at 5 min.
Subsequently, the NKCC1 level waned faster, but
stabilized at avalue at 90 minthat wasnearly 2-fold higher
than that for ERK1/2. Figure 3B shows that PKC
stimulationinduced asimilar pattern of increasesin ERK 1/
2 and NKCC1 phosphorylation. The level of p-ERK1/2
increased rapidly to reach a maximum value after 5 min
followed by declines reaching nearly the baseline level
after 90 min. Changes in p-NKCC1 mirrored those for
p-ERK 1/2. However, the maximum p-NKCC1 level was
observed 10 min later than those for ERK1/2. Thisclose
association between the time-dependent changes in p-
ERK1/2 and p-NK CC1 induced by either EGF or PDBuU
appears to indicate that ERK1/2 mediates NKCC1
activation.

Dependence of NKCC1 phosphorylation on

ERK1/2 activation

Figure 4A documentsthat theincreasesin ERK1/2
and NK CC1 phosphorylation were indeed dependent on
EGF-induced EGFR and ERK1/2 activation since
inhibition for 5 min of EGFR or Mek1/2 activation with
either 5 uM AG1478 or 10 uM UO0126, respectively
blocked EGF-induced increases in both p-ERK1/2 and
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Fig. 3. Time-dependent changes in ERK1/2 and NKCC1 phosphorylation status induced by EGF and PDBu. HCEC were serum
starved for 24 h at 80% to 90% confluence. Panel A shows the effects of exposure to 10 ng/ml EGF for up to 90 min with a
representative Western blot analysis of anti-phosphor p-NKCC1 (i.e., R5) and p-ERK1/2 antibody binding. Panel B shows cells
exposed to 1 uM PDBu and Western blot analysis performed using the same antibodies as those shown in panel A. Equal loading

of proteins was confirmed by reprobing the blots with B-actin.

p-NKCCL1 formation. In addition, these results indicate
that EGF-induced NK CClactivation iscompletely ERK
pathway-dependent. To clarify whether or not ERK1/2
phosphorylation is a result or a cause of NKCC1
activation, we determined the cause and effect relationship
between NKCC1 and ERK 1/2 activation by comparing
the effects of either 25 or 50 UM bumetanide on EGF-
induced NKCC1 and ERK 1/2 phosphorylation (Fig. 4B).
Preinhibition for 30 min with either 25 or 50 uM
bumetanide abolished the EGF-induced increases in
NKCCL1 phosphorylation status, but had no effect on
ERK1/2 activation. Taken together, NKCC1 activation
occurred as a consequence of ERK1/2 activation.

PKC mediates NKCCL1 phosphorylation through

ERK1/2 activation

We determined if the cause and effect relationship
between ERK 1/2 and NKCC1 activation by PKC isthe
same as that for EGF. Figure 5 compares the individual
effectsof 50 uM bumetanide or 10 uM U0126 on PDBuU-
induced ERK 1/2 and NK CC1 phosphorylation. A 30 min
preincubation with bumetanide completely blocked anear
6-fold increasein NK CC1 phosphorylation, but had only
aninsignificant effect on the 7.4-fold increasein ERK 1/
2 phosphorylation induced by PDBu. On the other hand,
preincubation with U0126 completely abolished both
PDBu-induced ERK1/2 and NKCC1 activation. This

differenceindicatesthat PK C-induced NK CC1 activation
is completely dependent on Mek1/2-mediated ERK 1/2
phosphorylation whereas bumetanide failed to block
ERK1/2 activation by PKC.

Dependence of ERK1/2 activation by EGF on

Ca?* influx

EGF-induced increases in HCEC proliferation are
dependent on its activation of plasma membrane Ca*
influx through one isotype of the TRP canonical
superfamily designated TRPC4 [24]. We determined if
EGF-induced ERK 1/2 and NKCC1 phosphorylation is
dependent on cytosolic [Ca*'], content. Figure 6 shows
that large increases in the phosphorylation level of both
proteins caused by 10 ng/ml EGF at 5 min similarly waned
as afunction of increasesin BAPTA-AM concentration
(unstimulated control level not shown). With 120 uM
BAPTA-AM, EGF-induced ERK1/2 and NKCC1
phosphorylation wasfully attenuated. Thisresult suggests
that there is a direct dependence between ERK 1/2 and
NKCC1 activation on transient rises in [Ca*]. levels
induced by EGF.

EGF-induces ERK1/2-NKCCL1 interaction

To determine if ERK1/2 activation elicits a close
association with NKCC1, we probed for time-dependent
increases in protein-protein interaction between them.

6
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Fig. 4. Dependence of NKCC1 activation on EGFR-linked
signaling. HCEC were serum starved for 24 h at 80% to 90%
confluence. (A) Representative Western blot analysis
comparing the effects of exposure to 10 ng/ml EGF after a5 min
exposure in the presence and absence of either 5 UM AG1478
or 10 uM U0126 on ERK 1/2 and NK CC1 phosphorylation (n=3;
**p<0.001 versus untreated control). The blots were probed
with anti p-NKCC1 (i.e., R5) and p-ERK1/2 antibodies. Equal
loading of proteins was confirmed by reprobing the same blot
with anti total ERK 1/2 antibody. Summary of changesin ERK1/
2 and NKCC1 phosphorylation status is shown below the
aforementioned blots. (B) Representative experiments of the
dose-dependent inhibitory effects of 25 to 50 uM bumetanide
(BMT) with 10 ng/ml EGF-induced NKCC1 phosphorylation
detected with the anti p-NKCC1 and p-ERK 1/2 antibodies (n=3;
**p<0.001 versus NKCC1 phosphorylation levels treated with
BMT ). Equivaent protein loading was confirmed by reprobing
the same blot with actin and ERK1/2 antibody, respectively.
Data represent the mean + SEM of three independent
experiments.

Fig. 5. Inhibition of PDBu-induced PKC activation of NKCC1
and ERK 1/2 phosphorylation. HCEC were serum starved for 24
h at 80% to 90% confluence. Representative Western blot
analysis comparing the effects of exposure to 1 uM PDBuU in
the presence and absence of either 50 pM bumetanide (BMT)
(**p<0.001 PDBu versus treat with BMT). or 10 uM U0126
(**p<0.001 PDBu versus treat with U0126 on phosphorylation
levelsin both NKCC1 and ERK1/2). on p-NKCC1 and p-ERK 1/
2 detected with anti p-NKCC1 (i.e., R5) and p-ERK 1/2 antibodies.
Equivalent protein loading was confirmed by reprobing the
same blot with anti actin and ERK1/2 antibody, respectively.
Data represent the mean + SEM of three independent
experiments.

First, we assessed if there are any changesin the amounts
of p-ERK1/2 associated with total NKCC1 during EGF
exposure. Membrane enriched fractions of EGF
stimulated cells were subjected to SDS polyacrylamide
gel electrophoresis. A representative image shown in
Figure 7 (insert) indicates that EGF caused a time-
dependent increase in amounts of both NKCC1 (upper
band) and phospho-ERK1/2 (lower band) in the same
fraction. The summary plot shows that their content
changed with asimilar pattern and after 15 min rose about
2.30r 5-foldfor NKCC1 or p-ERK /2, respectively. This
parallelism suggeststhat during stimulation of theresting
cells with EGF an interaction occurred between
phosphorylated ERK1/2 and membrane associated
NKCCL.

Dose dependent effects of EGF on ERK1/2-

NKCC1 interaction

To validate protein-protein interaction between
phosphorylated ERK1/2 and total NKCC1, pull down
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Fig. 6. Dependence of EGF-induced ERK1/2 and NKCC1
phosphorylation on [Ca*'],. HCEC were serum starved for 24 h
at 80% to 90% confluence. Representative Western bl ot
analysis compares the dose dependent inhibitory effects of
exposure to BAPTA on 10 ng/ml EGF-induced p-NKCC1 and p-
ERK1/2 formation detected with the anti p-NKCC1 (i.e., R5)
and p-ERK 1/2 antibodies. HCEC were preincubated for 30 min
with each of the indicated BAPTA concentrations prior to
exposureto EGF for an additional 5 min. Resultswere normalized
to the increase in p-ERK1/2 formation obtained after 5 min in
the absence of BAPTA. Data represent the mean + SEM of
three independent experiments (at concentrations over 40 uM
BAPTA, p<0.001 versus untreated control).

experiments with a specific p-ERK1/2 antibody were
performed. Figure 8A demonstrates that EGF caused
concentration-dependent increases in the amounts of
association of NKCC1 with p-ERK1/2. Figure 8B
providesasummary of the results obtained with duplicate
samples each performed in triplicate that were exposed
to 2.5 or 10 ng/ml EGF. Thereisaclear correspondence
between increasesin p-ERK 1/2 and total NKCC1in cell
extracts, which rose with 10 ng/ml EGF up to 4 and 8-
fold, respectively. This association between p-ERK1/2
and NKCC1 level s suggeststhat p-ERK 1/2 co-localized
with NKCC1 and could be one of the kinases directly
involved in EGF-induced NKCC1 activation. To further
validate their colocalization, we immunoprecipitated
NKCC1 and probed theimmune complexesfor p-ERK 1/
2andviceversa. Theresultsshownin Fig. 8C demonstrate
that there was a significant amount of NKCC1 in the
immune complexes of ERK 1/2 (top panel) and similarly
ERK1/2 was found in the NKCC1 complexes (bottom
panel). These results also strongly support that protein-

Fig. 7. Time-dependent changes in p-ERK1/2 association with
NKCC. HCEC were serum starved for 24 h at 80% to 90%
confluence. Cells were exposed to 10 ng/ml EGF for up to 120
min. Membrane-enriched fractions were obtained following
centrifugation. Pellets were probed for relative amounts of total
NKCC1 with the anti T4 antibody and p-ERK1/2 antibodies at
the indicated times following exposure to EGF. Data represent
the mean = SEM of three independent experiments (after 15 min
exposure to EGF, p<0.002 total NK CC versus untreated control;
or p<0.001 p-ERK1/2 versus untreated control, respectively).
The error bars fall within the range of the indicated symbols for
p-ERK /2 and NKCC1.

protein interaction occurred between p-ERK1/2 and
NKCCL1.

Negative feedback control by DUSP6 of ERK1/

2 activation

The mitogenic responses in HCEC to EGFR and
PKC stimulation are dependent on the duration and
magnitude of ERK1/2 activation [6]. DUSP6 inactivates
p-ERK 1/2 through dephosphorylating serineand threonine
residueson thisterminal kinase. We determined if DUSP6
overexpression in a subline altered the effects of EGFR
or PKC activation on NKCC1, p38, INK1/2 and ERK1/
2 phosphorylation status. Figure 9 contrastsin each case
the difference between the individual effects of 15 min
exposure to either EGF or PDBu on each of the
aforementioned entities. In control cells, 15 min exposure
to either EGF or PDBuled toincreasesin phosphorylation
status of all kinases whereas in the DUSP6 overexpres-
sing cell line only increases in ERK1/2 and NKCC1
phosphorylation were completely suppressed. Such
suppression fully obviated increasesin cell proliferation
induced by PKC stimulation with 1 uM PDBu (data not
shown). These effectsindicate that ERK1/2 inactivation
blocks NK CC1 phosphorylation.
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Fig. 8. Pull-down experiments validate NKCC1-p-ERK 1/2
interaction induced by EGF. HCEC were serum starved for 24 h
at 80% to 90% confluence. (A) Cells were exposed to either 2.5
or 10 ng/ml EGF for 10 min. Membrane enriched pellets were
obtained from different cell lysates and Western blot (WB)
probing for either p-ERK1/2 or total NKCC1 association with
p-ERK1/2 and T4 antibodies, respectively. (B) Results of
experiments performed in duplicate at each concentration
normalized to the amounts detected prior to exposure to EGF
(Exposure to 2.5 or 10 ng/ml EGF, *p<0.05 p-ERK1/2 versus
untreated control; **p<0.001 NKCC1 versus untreated control).
(C) Co-localization validation entailed immunoprecipitation (1P)
with beads bound to ERK1/2 or NKCC1 followed by probing
the precipitate with either anti T4 or ERK1/2 antibodies using
Western blot analysis. In the IPs were obtained with either the
anti T4 antibody or ERK1/2 antibody, there are increases in the
amounts of ERK1/2 and NKCC1, respectively. These results
validate that exposure to EGF-induces increases in the amounts
of p-ERK1/2 associating with NKCC1. Cellswere exposed to 10
ng/ml for 10 min. The results shown were obtained from two
different experiments each performed in triplicate.

NF-«B inactivation by PDTC destabilizes DUSP1

expression

The phosphorylation status of DUSPs affects their
stability, which in turn modulates through negative
feedback the duration and magnitude of ERK 1/2 activation
and the resulting mitogenic response to a growth factor
[29]. As ERK1/2 and GSK-3a/p mediate DUSP1
phosphorylation, changes in DUSP1 expression levels
shape the duration and magnitude of both ERK1/2 and
p38 phosphorylation [5, 6]. Such shaping has not been
shown to be related to changes in DUSP activity, but
rather DU SPs stabilization ismodul ated through changes
intheir phosphorylation status[30]. It was recently shown

Fig. 9. Selective inhibition in DUSP6 overexpression HCEC
subline (DUSP6+) of EGF and PDBu -induced ERK1/2 and p-
NKCC1 phosphorylation. HCEC were serum starved for 24 h at
80% to 90% confluence. Representative Western blot analysis
compares p-NKCC1, p-p38, p-INK1/2/SAPK and p-ERK1/2
formation with the appropriate antibody in cell lysates obtained
from wildtype and the DUSP6 overexpressing HCEC subline.
Summaries of the individua effects of DUSP6 overexpression
are shown below of data (mean £ SEM: n=3; *p<0.05 versus
untreated control) obtained from three individual experiments.
DUSP6 overexpression selectively blocked EGF and PDBu-
induced p-NKCC1 and p-ERK1/2 (n=3; **p<0.001 versus EGF
and PDBu-induced p-p38 and p-JNK1/2/SAPK), which is
consistent with the notion that NKCC1 phosphorylation is
dependent on ERK1/2 activation by either EGF or PDBu.

in enterocytes that DUSPL1 stabilization is also affected
by NF-xB activation, which in turn has a negative
feedback effect on p38-induced phosphorylation [12].

Wedetermined if NF-xB inhibition by 50uM PDTC
affects EGF-induced changes in NKCC1, ERK1/2 and
GSK-3a/p phosphorylation as well as total DUSP1
expression.

To make such an assessment, HCEC were
preincubated with PDTC followed by 15 min exposure
to 10 ng/ml EGF. Figure 10 comparesthe effects of EGF
alone at 15 min with those of exposureto EGF for up to
90 min in the presence of PDTC. With EGF aone, the
DUSP1 level was much higher than that in the presence
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of both EGF and PDTC. Such adifference was associated
with higher levels of phosphorylated NKCC1, ERK1/2
and GSK-3a/p than those obtained in the absence of
PDTC. It should be recalled that an increase in GSK-
3a/p phosphorylation is reflective of inhibition of this
kinase. Interestingly, the elevated levels of p-GSK-3a/3
were accompanied by a marked decline in DUSP1
expression levels over a 90 min period. This declinein
DUSPL expression is attributable to EGF-induced
inactivation of GSK-3a/p through its activation of the
PI3-K/Akt/GSK-3 pathway in HCEC [6]. The
accompanying stabilization of theincreasein EGF-induced
ERK1/2 phosphorylation istherefore accountabl e for by
loss of DUSPL stabilization resulting from PDTC
promotion of GSK-3a/f inactivation (i.e., sustained
phosphorylation).

Discussion

In HCEC, some of the downstream signaling events
induced by EGFR stimulation includetransient activation
of the MAPK superfamily as well as the PI3-K/Akt
signaling cascade, PK C and time-dependent stimulation
of K* channel, KCC along with increases in NKCC1
activity [7-9, 31-33]. All of these changes are linked to
NF-kB activation whose p50/p65 subunits induce
promoter activation leading to the expression of genes
underlying proliferation [3]. MAPK activation is under
the negative feedback control elicited by DUSPs 1, 4, 5
and 6 whose stabilization by kinasesis phosphorylation-
dependent [4, 30]. The goal of the current study was to:
1) better delineate the interdependence between the
aforementioned signaling events in modulation of EGF
and PKC-induced mitogenesis; 2) clarify how changes
in DUSPs 1 and 6 expression levels elicit negative
feedback control of ERK 1/2-induced NK CC1 activation.

Even though earlier studies showed that modulation
of NKCC1 activity affectsmitogen-induced increasesin
cell proliferation, there was no evidence indicating that
swellingisattributabletoitsstimulation[9, 16]. Herewe
show (Fig. 2: left panel) that EGF induced transient
increasesin apparent cell volume, which were associated
with ERK1/2-induced NKCCL1 phosphorylation. This
cause and effect relationship isin agreement with a study
using mice astrocytes in which exposure to a high K*
containing medium induced swelling that isdependent on
ERK1/2 activation of NKCC1[34]. The changesinduced
by PKC activation are also supportive of this cause and
effect relationship. This is evident since PDBu, whose

Fig. 10. NF-xB inhibition prolongs EGF-induced ERK1/2
activation through downregul ation of DUSP1 expression. HCEC
were serum starved for 24 h at 80% to 90% confluence. Cells
were exposed to 10 ng/ml EGF either in the presence or absence
of 50 uM PDTC and cell lysates were obtained at each of the
indicated times up to 90 min. The results obtained with PDTC
following 15 min incubation and exposure to EGF for another
15 min are compared to those with EGF for up to 90 min without
PDTC. Western blot analysis was performed with p-NKCC1, p-
ERK1/2 and equivalent protein loading was confirmed with the
anti ERK1/2 antibody. Under the same conditions individual
changes in DUSP1 and p-GSK-3a/B expression detected with
the appropriate antibody. Data represent the mean + SEM of
three independent experiments. It is notable that PDTC exposure
resulted in sustained p-ERK1/2 and p-NKCC1 formation over
the 90 min (p<0.001 versus untreated control) period whereas
declines in total DUSP1 exposure were accompanied by
pronounced and continuous p-GSK3-a/p expression (p<0.05
versus untreated control). PDTC appears to inhibit GSK-3o/
through phosphorylation leading to declines in DUSP1
expression. Such declines account for sustained ERK1/2
phosphorylation due to loss of negative feedback control by
DUSP1 of ERK1/2 activation.

effects may not be limited to PKC activation, induced a
maximal increase in ERK 1/2 phosphorylation after the
first 5 min whereas an increase in NK CC1 phosphoryla-
tion status reached its peak only after 15 min (Fig. 3).
Furthermore, the subsequent decreases in the phospho-
NKCCL1 levels mirrored those of phospho-ERK 1/2.

10
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It should be mentioned that an increase in NKCC1
phosphorylation status detected with the R5 antibody
might not necessarily be reflective of a corresponding
changeinitsion transport activity. Recently, it was shown
in HEK-293 cells expressing NKCC1 that increases in
its phosphorylation status detected with thisantibody were
not in al cases accompanied by ion transport activity
stimulation. This disconnect led to the conclusion that
NKCCL1 phosphorylation is necessary, but not sufficient
for inducing ion transport stimulation. Nevertheless, the
R5 antibody provided meaningful results showing that
declines in NKCCL1 phosphorylation status were
associated with proportional decreases in ion transport
activity [35].

In some other tissues, growth factorsand hypertonic
stressinitially induce NKCCL1 activation through either
PK C phosphorylation or ERK 1/2 phosphorylation[20, 21,
23]. In HCEC, ERK pathway inhibition also eliminated
increasesin ERK 1/2 and NK CC1 phosphorylation status
induced by PDBu. Both of these events appear to be
dependent on EGF-induced rises in [Ca**], since the
declines in their activation mirrored one another as a
function of increasesin BAPTA-AM concentration (Fig.
6). This dependence of MAPK activation on Ca?* influx
induced by EGF wasdescribed in conjunctival goblet cells
and mice astrocytes [36, 34].

Even though we found that EGF induced time- and
concentration-dependent increases in the interaction
between phospho-ERK1/2 and total NKCC1 in
membrane enriched fractions (Figs. 7 and 8), theseresults
do not indicate whether phospho-ERK1/2 directly
activates NKCC1. Nevertheless, NKCC1 phosphory-
lation is dependent on ERK 1/2 activation by either EGF
or PDBu since DUSP6 overexpression (Fig. 9) only
blocked NKCC1 and ERK1/2 phosphorylation.
Phosphorylation of NKCC1 by SPAK and OSR1 kinases
isdownstream from ERK 1/2in other tissuesandis critical
in NKCC1 activation. These kinases induce NKCC1
activation in responseto cell shrinkage, injury and other
effectors, but not growth factors[22]. They may not have
redundant function, but are individually activated by
different upstream signaling pathways. For example, in
dorsal root ganglion neurons SPAK and OSR1 both
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Abstract

Background: In mice, corneal wound healing in response to severe injury can lead to
dysregulated inflammation and opacity due to transient receptor potential vanilloid
typel (TRPV1) ion channel activation [1]. Accordingly, we characterized in human
corneal epithelial cells (HCEC) the signaling pathways mediating TRPV1-induced
increases in inflammatory cytokine (IL-6) and chemoattractant (IL-8) release.
Methods: SV40 immmortalized HCEC were transduced with lentiviral vectors to
establish stable JNK1, NF-kB1 and DUSP1 shRNAmir sublines. Immunoblotting
evaluated the expression of NF-kB1, DUSP1, PKCs and the phosphorylation status of
cell signaling mediators. ELISA evaluated IL-6 and IL-8 release.

Results: Capsaicin (CAP), a selective TRPV1 agonist, induced time-dependent
activation of transforming growth factor activated kinase 1 (TAK1) and mitogen
activated protein kinase (MAPK) cascades followed by IkBa phosphorylation and rises
in IL-6 and IL-8 release. All responses were blocked by the TAKL inhibitor
5z-7-oxozeaenol (5z-OX). Ablation of either INK1 or NF-kB1 expression abolished
increased IL-6 and IL-8 release. However, INK1 knockdown only partially suppressed
CAP-induced NF-xB activation while 5z-OX eliminated it. On the other hand, loss of
NF-kB1 expression diminished CAP-induced JNK1 activation as a result of increases
in DUSP1 expression whereas PKCd expression concomitantly declined. In contrast, in
the DUSP1 knockdown subline, 1L-6/8 release by CAP was augmented due to
enhanced and prolonged JNK1 phosphorylation.

Conclusions: TRPV1 activation elicits increases in IL-6 and I1L-8 release through two



TAK1-dependent signaling pathways leading to NF-kB activation. One of them
depends on JNK1 activation while the other is JNK1 independent. Positive feedback
control of JNK1 activation by NF-«B is required for CAP to elicit IL-6 and IL-8 rises.
NF-xB mediates such regulation through changes in DUSP1 expression, which in turn
modulate JNK1 phosphorylation. NF-xB may control DUSP1 expression by altering

PKC3 expression.



Introduction

In mice, the corneal wound healing outcome to severe injuries is unfavorable due
to dysregulated inflammation and scarring induced by transient receptor vanilloid typel
(TRPV1) channel activation [1]. This channel is the archetypal member of the vanilloid
TRP family and was first identified as the receptor for capsaicin, the pungent ingredient
of chili pepper. This receptor integrates noxious thermal and chemical stimuli to induce
pain and inflammation in a host of different tissues [2, 3]. Different endogenous fatty
acid amides lipid ligands released by injury can also activate TRPV1 [4]. Accordingly,
extensive effort is being exerted to develop TRPV1-related therapeutic strategies to
mitigate these stress-induced responses.

The signaling events mediating TRPV1-induced increases in interleukin (IL)-6 and
IL-8 release include transient intracellular Ca®* rises leading to p38, ERK1/2 and
JNK1/2 mitogen activated protein kinase (MAPK) pathway phosphorylation as well as
NF-«B activation in human corneal epithelial cells (HCEC) [5-7]. In addition, TRPV1
stimulation elicits increases in cell proliferation through stimulation of the ERK1/2
pathway whereas increases in IL-6 and IL-8 occur through stimulation of the global
MAPK cascades. Their joint involvement in eliciting increases in IL-6 and IL-8 release
was based on the finding that each of the described inhibitors of these pathways only
partially suppressed these responses. As drugs can have limited selectivity, genetic
approaches are required to validate which of these pathways elicit such control [8]. This
concern coupled with recent reports that toll-like receptor (TLR) activation induces

inflammation solely through JNK1 phosphorylation prompted us to reevaluate in



HCEC which MAPK pathways elicit TRPV1 control of IL-6 and IL-8 release [9].

The JNK-family consists of three isoforms, INK1, JINK2 and JNK3. JNK1 is the
major player mediating biological functions [10]. In some tissues, the JNK signaling
pathway selectively mediates receptor control of inflammatory responses [11]. On the
other hand, in the corneal epithelium, the JNK signaling pathway also contributes to
growth factor-induced increases in cell migration, but suppresses mitogenic responses
[12-14]. The functional importance of the JNK pathway in mediating epithelial renewal
prompted us to determine in HCEC if selective suppression of JNK1 signaling could
inhibit TRPV1-induced increases in IL-6 and IL-8 release.

Activation of NF-«xB entails phosphorylation of its inhibitor IxBa by 1B kinase
(IxK), which signals its degradation by ubiquitination [15]. Once NF-xB activation
occurs, its individual subunits in unique dimeric configurations translocate into the
nucleus to interact with gene promoters mediating transcription. TNFa, IL-1 and TLR
activation as well as exposure to UV light are also known to induce in the cornea
NF-xB activation [16-18]. Therefore, modulation of NF-xB activation plays an
important role in controlling inflammatory responses to a number of different stresses.

Receptor-induced responses elicited through MAPK signaling are dependent on
the magnitude and duration of terminal kinase (TK) phosphorylation. Such regulation
is elicited by a family of TK-targeting dual specificity phosphatases (DUSPs) through
negative feedback control of TK activation [19]. In HCEC, three out of ten active
DUSP members are constitutively expressed at relatively high levels. They include

DUSP1, DUSP5 and DUSP6 [14]. DUSP5 and DUSP6 are essentially ERK1/2



selective whereas DUSP1 is relatively nonselective since it inhibits ERK1/2, p38 and
JNK1/2 MAPK activation, but its selectivity for p38 and JNK1/2 is greater than that for
ERK1/2 [20]. There is evidence suggesting that NF-xB can elicit control of JNK1
phosphorylation status through modulation of DUSP1 expression [21]. However, the
role of DUSP1 in mediating interactions between NF-xB and JNK1 has not been
addressed in HCEC. Such insight could help better understand how to control increases
in IL-6 and IL-8 release induced by TRPV1 activation during exposure to chemical or
thermal stresses.

Transforming growth factor-p activated kinase-1 (TAK1) is a serine/threonine
kinase in the MAPK kinase kinase (MAP3K) family. TAK1 bridges receptor activation
to downstream signaling cascade events leading to cellular responses evoked by
various pro-inflammatory cytokines that include IL-1, transforming growth factor-3
(TGF-B), TNF-a as well as TLR, CD40 and B cell receptors [22-24]. TAK1 activation
can lead to global MAPK and NF-kB activation. Even though it is apparent that
receptors mediating inflammatory responses link their activation to downstream events
through TAKZ1 activation, its role has not been determined in HCEC in mediating
TRPV1 control of IL-6 and IL-8 release.

We show here that TRPV1 activation induces I1L-6 and IL-8 release through TAK1
phosphorylation in HCEC, which leads to global MAPK and NF-«B activation. TAK1
elicits NF-xB activation through both JNK1-dependent and -independent pathways.
JNKT1 is the sole mediator of CAP-induced increases in 1L-6 and IL-8 release. IL-6 and

IL-8 release is modulated by changes in DUSP1 expression levels since they affect the



magnitude and duration of JNK1 activation. Declines in NF-xB activation are
associated with declines in PKCa expression, which are inversely related to increases in
DUSP1 stabilization. Therefore, NF-xB activity modulates JNK1/2 phosphorylation
through positive feedback control which determines the magnitude of CAP-induced

increases in IL-6 and IL-8 release.

Materials and Methods

Reagents

Capsaicin (CAP), capsazepine (CPZ), TAK1 inhibitor 5z-7-oxozeaenol (5z-OX), and
pyrrolidinedithiocarbamate (PDTC) were purchased from Sigma-Aldrich (St. Louis,
MO). Antiphospho-ERK, total-ERK, total-p38, total-JNK, and [-actin antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phospho-TAK1, phospho-p38,
phospho-JNK/SAPK, phospho-IkBa, total TAK1, total-NF-kB1 and PKC-8 antibodies
were purchased from Cell Signaling Technology (Danvers, MA). The anti-DUSP1
antibody was obtained from ABNOVA (Walnut Creek, CA). IL-6 and IL-8 ELISA kits
were from R&D Systems (Minneapolis, MN).

Céll Culture

SV40 adenovirus-immortalized HCEC, a generous gift from Araki-Sasaki (Kagoshima
Miyata Eye Clinic, Kagoshima, Japan), were cultured in supplemented Dulbecco’s
modified Eagle’s medium (DMEM/F12). After reaching 80% to 90% confluence, cells
were detached with 0.05% trypsin-EDTA and were subcultured in DMEM/F12 medium

supplemented with 10% fetal bovine serum (FBS), 5 ng/mL EGF, 5 pg/mL insulin, and



40 pg/mL gentamicin in a humidified incubator with 5% CO,, 95% atmosphere air at
37°C.

Lentiviral vectors

Lentiviral vectors for stable expression of SARNAmir sequences against DUSP1, JNK1,
and NF-kB1 were generated using pGIPz plasmids clones V3LHS 352110,
V2LHS 61931, and V3LHS_170502, respectively (Open Biosystems, Hunstville, AL).
Blast analysis of the 20-mer antisense sequences expressed by these clones
demonstrated that in each case only the intended target RNA was a full sequence match.
The expression cassette incorporated into the host cell DNA by these lentiviral vectors
drives the expression of a turbo-GFP protein, the ShRNAmir sequence and a puro gene
from a single CMV promoter. Viral particles were generated by transducing HEK293T
cells cultured in 100 mm dishes with 2 pg active plasmid, 8 pg of packing plasmid mix
(UMIX™ Rockville, MD) in 10 ml medium (DMEM with 10% FBS) containing 20 pl
HEKFectin (BioRad, Richmond, CA). The culture medium was refreshed after
overnight incubation and virus-rich supernatant was collected 48 h later after
confirming that most HEK293 cells developed strong GFP fluorescence. Transduced
cells were selected with puromycin (5 ug/ml) using the disappearance of all GFP
negative cells and elimination of all cells from an untransduced control culture as
selection end points. To generate a control subline for evaluating any non-specific
effects of ShRNAmirs, viral particles incorporated a cassette for the simultaneous
expression of a non-coding shRNAmir and puromycin resistance. After puromycin

selection, these cells were used to determine if transfection had non-specific effects on



cell-line functional properties.

Western Blot Analysis

After HCEC reached about 80% confluence, they were gently washed twice in cold
phosphate-buffered saline (PBS) and harvested in 0.5 ml cell lysis buffer containing 20
mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM R-glycerol phosphate, and 1 mM Na3V Oy, pH 7.5, with a
protease inhibitor mixture (1 mM PMSF, 1 mM benzamidine, 10 ng/mL leupeptin, and
10 pg/mL aprotinin). Cells were scraped with a rubber policeman, followed by
sonication and centrifugation (13,000 rpm for 15 min at 4°C). The protein
concentration of each lysate was determined by bicinchoninic acid assay (micro BCA
protein assay Kit; Pierce Biotechnology, Rockford, IL). After boiling samples for 5 min,
20-50 pg denatured protein was electrophoresed onto 10% polyacrylamide sodium
dodecylsulphate (SDS) minigels, followed by electrophoresis and blotting onto
Immun-Blot PVDF membrane (Bio-Rad, Hercules, CA). Membranes were blocked
with blocking buffer, 5% fat-free milk in 1x PBS buffer with 0.1% Tween-20 for 1 h at
room temperature and then probed overnight at 4°C with primary antibodies of interest.
Membranes were incubated with 1:2000 dilution of a secondary antibody with goat
anti-rabbit or mouse 1gG for 1 h at room temperature. Immunobound antibody was
visualized using an enhanced chemiluminescence detection system (ECL Plus; GE
Healthcare, Piscataway, NJ). Images were analyzed by densitometry (SigmaScan Pro;
Sigma). All experiments were repeated at least three times in triplicate (n = 3) unless

otherwise indicated.



ELISA

ELISA for IL-6 and IL-8 was performed according to the manufacturer’s instructions.
The amount of IL-6 or IL-8 in the culture medium was normalized according to the total
amount of cellular protein lysed with 2% SDS and 0.5 N NaOH. Results are expressed
as mean £ SEM of picograms of 1L-6 or IL-8 per milligram protein of cell lysate. Each
experiment was performed in triplicate with three replicates (n = 3).

Data analysis: All results are reported as means + SEM. Results were analyzed using

non-paired Students t-test. They were considered significant if p<0.05.

Results

TRPV1-induces phosphorylation of TAK1

TAK1 activation plays a major role in mediating responses to a host of different
cytokines. Figure 1A shows the time-dependent effects of CAP on TAK1
phosphorylation status. Phosphorylated-TAK1 (p-TAK1) increased by 130% after 2.5
min and progressively declined to the baseline after 30 min. Figure 1B shows that either
capsazepine (CPZ), a TRPV1 antagonist, or 5z-7-oxozeaenol (5z-OX), a TAK1
inhibitor, suppressed the rise by 90% and 100% respectively (p<0.001). Therefore,

CAP induces TAK1 phosphorylation.

TRPV1-induced TK phosphorylation and IL-6/8 release depend on TAK1

activation



Figure 1C provides the dose-dependent inhibitory effects of 5z-OX on TAK1 activation
after exposure to CAP. Simultaneously, phosphorylation levels of all TKs were
completely inhibited by 1 pM 5z-OX (p<0.001). Figure 1D indicates that either 5z-OX
or CPZ completely blocked CAP-induced rises in IL-6 and IL-8 release (p<0.001).
Taken together, TRPV1-induced increases in IL-6 and IL-8 release are elicited through

TAK1-mediated stimulation of MAPK signaling.

TRPV1-induced IL-6 and IL-8 release requires JINK 1 activation

The role of INK1 activation in mediating CAP-induced increases in 1L-6 and IL-8
was determined in the JINK1 subline whose JNK1 protein levels were reduced by more
than 90% in comparison to a scrambled shRNA (Figure 2A). The latter expression level
was identical to that in the wildtype (WT) cells (data not shown). JNK1
phosphorylation in the WT cells increased by 270% after 15 min exposure to CAP
(Figure 2B, p<0.001). This rise was suppressed by 82% in the JNK1 subline. Such a
decline in JNK1 activation obviated CAP-induced increases in IL-6 and IL-8 release
relative to those in the WT cells (Figure 2C, p<0.001), demonstrating the central role of
JNK1 activity in these responses. In contrast, CAP-induced increases in cell
proliferation were unaffected in the JNK1 subline (data not shown).
TRPV1-induced IL-6 and IL-8 release requires NF-kB activation

To determine the involvement of NF-kB in CAP-induced IL releases, we
developed a NF-kB1 subline. Figure 3A shows that the knockdown was nearly
complete (p<0.001 versus scrambled) and Figure 3B (left and right) shows that in this

subline, CAP failed to cause any increases in IL-6 and IL-8 release.



TAK1 and JNK1 activities are essential for NF-kB activation

In some tissues NF-kB activity has been shown to be dependent on TAK1 and
JNK1 activity [25, 26]. To establish the validity of these dependences in the HCECs, we
measured the phosphorylation status of 1kBa, the stoichiometric inhibitor of NF-xB.
Each unit of IkBa phosphorylation is expected to equal one unit of released active
NF-kB. In the JINK1 subline, CAP-induced IkBa phosphorylation was reduced only by
50% from that in the WT cells whereas 5z-OX further eliminated the remaining 50% of
this response (Figure 4A). The partial suppression of IkBa phosphorylation in the
JNK1 subline suggests that TAK1 can activate NF-xB through another pathway not
involving JNK1.
NF-xB activity modulates JINK1 phosphorylation status via a positive feedback
loop involving DUSP1 and PKCb
In addition to the effect of INK1 activity on NF-kB, other robust evidence shows that in
several cell systems NF-xB modulates the duration and magnitude of JNK1
phosphorylation [21]. To determine if this occurs in HCEC, we compared the effects of
CAP on TK phosphorylation in WT cells with that in the NF-xB1 subline. Figure 4B
shows the time-dependent effects of CAP on JNK1/2 phosphorylation in the NF-kB1
subline and those in the WT cells. In these cells, p-JNK1 formation initially increased
2.7-fold at 15 min followed by waning towards control levels after 90 min whereas in
the NF-kB1 subline CAP could no longer induce evident changes in p-JNK1
throughout the observation period. This indicates NF-xB activity can regulate JNK1

phosphorylation status. Interestingly, similar suppression patterns were also observed



in p-ERK1/2 and p-p38 formation.

The inability of CAP to induce global MAPK phosphorylation in the absence of
NF-kB1 expression prompted us to investigate if DUSP1 is mediating the feedback
control, since it is a pan MAPK inhibitor. Figure 4C shows that DUSP1 expression in
the NF-xB1 subline was around 300% of the level in the WT cells during 90 min.
Furthermore, we determined if rises in DUSP1 expression are associated with changes
in PKC5 expression since in murine embryonic fibroblasts loss of NF-«xB activity by
knocking down RelA resulted in declines in PKCd expression [27]. In another study,
this loss was associated with increases in DUSP1 phosphorylation (i.e., stabilization)
[28]. The corresponding changes in PKC6 expression (Figure 4C) show that during this
period the changes in its expression in the WT cells and NF-kB1 subline were the
reciprocal of those occurring in the WT cells (p<0.001). Therefore, the apparent inverse
relationship between increases in DUSP1 and declines in PKCd expression suggests
NF-kB-dependent increases in PKC3 expression contributes to DUSP1 degradation.
DUSP1 modulates TRPV1-induced IL-6/8 release through control of JNK
phosphorylation

To determine the significance of DUSP1 expression in the control of IL release
induced by CAP, we used a DUSP1 subline. In this subline, DUSP1 protein expression
was reduced by 85% (Figure 5A, p<0.001). Figure 5B compares, the time-dependent
changes in TK phosphorylation in the WT cells and the DUSP1 subline. In the WT cells,
the TKs underwent rapid phosphorylation and reached a peak within 15 min, which

gradually waned down during the next 60 min. On the other hand, in the DUSP1



subline all TKs underwent larger increases at the beginning and remained invariant for
a longer period, particualarly in the case of JNK1/2. Figure 5C shows the impact of
enhanced JNK1 phosphorylation on IL-6 and IL-8 release. After 24 h exposure to CAP,
IL-6 and IL-8 release was 140% and 255% more, respectively, in the DUSP1 subline

than in the WT cells (p<0.001).

Discussion

Figure 6 provides a working model describing TRPV1-mediated signaling control
of I1L-6 and 1L-8 release. TRPV1-induced Ca®" influx results in TAK1 phosphorylation
followed by transient pan MAPK and NF-kB activation. NF-kB activation occurs
through both JNK1-dependent and JNK1-independent pathways. The IL-6 and IL-8
responses to CAP are dependent on the magnitude and duration of both TAK1 and
JNK1 activation as well as positive feedback control of JNK1 phosphorylation by
NF-«B. Such regulation by NF-kB is elicited through an inverse relationship between
increases in NF-xB activation and declines in DUSP1 expression levels. Increases in
NF-kB and PKCd expression occur in parallel with one another. Taken together,
CAP-induced increases in IL-6 and IL-8 release can occur provided NF-kB is fully
activated by TAK1, so as to keep DUSP1 expression levels low enough to allow
p-JNK1 to sufficiently accumulate for a long enough time.

TAK1 was originally described as a key MAPK activation mediator in response to
TGF-B [29]. Recently, TAKL has also been linked to IL-1 receptor, TLR, TNF-a

receptor, T-cell receptor and B-cell receptor stimulation mediating inflammatory



responses to extracellular stresses through activating p38, JNK and NF-«xB [22]. Our
results indicate that TAK1 phosphorylation by TRPV1 induced global MAPK and
NF-kB activation since: 1) transient activation of TAK1 (Figure 1A) preceded MAPK
phosphorylation (Figure 4B and 5B); 2) TAKL1 inhibition completely abolished
CAP-induced global MAPK and NF-kB activation (Figures 1C and 4A) as well as
increases in IL-6 and IL-8 release (Figure 1D). Recently, we found that TRPV1 elicits
TAK1 phosphorylation through an interaction with an adaptor protein, myeloid
differentiation primary response gene 88 (MyD88). This TRPV1-linked signaling
pathway bears close resemblance to the described MyD88-dependent pathways linked
to all TLRs described in the cornea except TLR3 [30,31].

Unlike our previous report that all TKs are contributing to TRPV1-induced
increases in IL-6 and IL-8 release [5], we showed here that JNK1 knockdown alone was
sufficient to eliminate this response (Figure 2C). This difference is attributable to our
earlier use of inhibitors to resolve how this response is mediated. More recently other
studies employed knockdown strategies to show that JNK1 plays a central role in
mediating corneal inflammatory responses to TLR activation both in vitro and vivo [9].
In HCEC, TLR2-induced NF-kB activation and CXC (C-X-C motif) chemokine
production were only dependent on JNK1 activation. Furthermore, INK1”~ (knockout)
mice showed impairment of TLR2-induced neutrophil recruitment and corneal stroma
haze development.

NF-xkB mediates transcription of pro-inflammatory cytokine and chemokine

release in HCEC in response to various pathological conditions such as infections



[32-35] and hyperosmolar challenges [7, 36, 37]. Its involvement in mediating IL-6 and
IL-8 release is evident since: 1) IkBa phosphorylation preceded this response (Figure
4A); 2) NF-kB1 knockdown eliminated CAP-induced increases in IL-6 and IL-8
release (Figure 3B). CAP-induced NF-kB activation is under dual control by both
TAK1 and JNK1, since IxBa phosphorylation was only reduced by 50% in the INK1
knockdown subline whereas complete suppression required TAK1 inhibition in this
subline (Figure 4A). Dual pathway activation of NF-«B through both
MAPK-dependent and -independent pathways has been described in some other tissues
[25, 26, 38]. Interestingly, although NF-xB was 50% activated in the JNK1 subline,
CAP failed to elicit any increases in IL-6 and IL-8 release, indicating other transcription
factors directly activated by JNK1, such as AP-1, may also play a role.

It is possible that the correspondence between increases in NF-xB and JNK1
activation is due to positive feedback control of INK1 phosphorylation by NF-«B [21],
which in turn modulates the level of IL-6 and IL-8 release. Such control is provided
through an inverse relationship between increases in NF-xB activation and declines in
DUSP1 expression through increases in PKCgd expression. DUSP1 expression only
rose in the NF-«kB subline whereas in the WT cells it remained essentially invariant
(Figure 4C). In the NF-xB1 subline, large increases in DUSP1 expression obviated
JNK1 phosphorylation (Figure 4B). These results have clinical relevance since it is
known that the anti-inflammatory effects of glucocorticoids are attributable to their
upregulation of DUSP1 expression [39]. Direct targeting DUSP1 may provide a more

selective anti-inflammation strategy and remove concerns about described side effects



arising from prolonged glucocorticoids usage.

In HCEC, TRPV1 transactivation by epidermal growth factor receptors (EGFR)
induces increases in cell proliferation and migration through the same signaling
pathways linked to EGFR [6]. The current study provides an explanation for why
activation of TRPV1 by CAP induces also increases in 1L-6/8 whereas EGF does not
induce this response even though both agonists activate TAK1. A reason for this
difference may be that TAK1 activation by CAP was 2.3-fold larger and more
prolonged than that induced by EGF (data not shown). This effect by CAP is consistent
with the larger increase in NF-«xB activation resulting in stronger positive feedback
control by NF-xB of JNK1 phosphorylation, compared to that by EGF. This difference
may account for the increases in IL-6 and IL-8 release induced by CAP.

Our finding that loss of NF-kB1 expression has an opposite effect on DUSP1
expression disagrees with a study using enterocytes in which increases in NF-kB
activation had a corresponding rather than an opposite effect on LPS-induced DUSP1
expression [40]. This disagreement may be accounted for by differences in the cell type,
stimuli and/or experimental approaches. We silenced NF-kB1 whereas the other study
deleted IxBa. Nevertheless, our results are consistent with another study in which loss
of RelA expression caused PKC5 levels to decline along with phosphorylated JINK1
[27]. In addition, it has been shown knocking down PKC§ expression in neurons caused
DUSP1 levels to rise [28].

In conclusion, CAP-induced increases in IL-6 and IL-8 release are dependent

on TAK1 activation. Consequently, TAK1 activates NF-«xB through both



JNK1-dependent and JNK1-independent pathways. CAP-induced NF-«xB activation
provides a positive feedback control of INK1 phosphorylation to maintain its activation
level. Such interactions are mediated through reciprocal modulation of PKCé and
DUSP1 expression levels.
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L egends

Figure 1. CAPinduces TAK 1 activation

(A) TRPV1-induced TAK1 phosphorylation: CAP (20pM) in HCECSs caused time



dependent changes in TAK1 phosphorylation as revealed by Western blot
analysis. TAK1 levels validate protein loading equivalence. Results shown
are representative of three independent experiments.

(B) Inhibition of TAK1 phosphorylation: Preincubation for 60 min with either
CPZ (10uM) or 5z-OX (0.1uM) suppressed CAP (20uM)-induced TAK1
activation. TAK1 levels validate protein loading equivalence.

(C)Dose dependent inhibitory effects of 5z-OX on TAK1 and MAPK
phosphorylation. HCECs were preincubated with 5z-OX (0.01-1uM) for 1 h
before exposure to CAP (20uM) for 5 min. JNK1/2 levels validate protein
loading equivalence.

(D) Dependence of IL-6 and IL-8 increases on TRPV1 and TAK1 activation.
ELISA was performed after 24 h in presence or absence of CAP (20uM).
Following 60 min exposure to CPZ (10 uM) or 5z-OX (0.1uM), the effects of
CAP (20puM) were determined on the release of IL-6 and IL-8. Results are
from three independent experiments each performed in triplicate. Significant
relative to the control (**)

Figure 2. Dependence of CAP-induced increasesin IL-6 and IL-8 release on INK1
activation

(A)Validation of JNK1 knockdown: Western blot analysis compares total

JNK1 protein expression in resting scrambled HCEC and JNK1 subline.

The expression level of scrambled and WT HCEC were the same. (Data not

shown)p-actin levels validate protein loading equivalence.



(B) Time dependence of CAP-induced changes in p-JNK1/2 formation: WT
HCEC and JNKZ1 subline were exposed to CAP (20uM) for the indicated
periods. B-actin levels validate protein loading equivalence.

(C) Loss of INK1 expression obviates I1L-6/8 responses to TRPV1 activation:
ELISA was performed on WT and JNK1 subline after 24 h in presence or
absence of CAP (20puM) for both WT HCEC and JNKZ1 subline. Results are
from three independent experiments each performed in triplicate.
Significant relative to the control (**)

Figure 3.Dependence of TRPV1-induced increases in 1L-6/8 release on NF-kB
activation

(A) NF-xB1/p50 protein expression levels in scrambled HCEC and NF-xB1
subline were compared by Western blot analysis.Protein loading equivalence
validated based on GAPDH expression.

(B) CAP fails to induce IL-6 and IL-8 rises after gene knockdown. ELISA was
performed after 24 h in the presence or absence of CAP (20uM) for both WT
cells and JNK1 subline. (Results are from three independent experiments
each performed in triplicate. Significant relative to the control (**)

Figure 4. Positive feedback control of INK1 phosphorylation by NF-kB through
DUSP1
(A) Contribution by JNK1 to IkBa phosphorylation: Western blots compare
CAP (20pM) induced IkBa phosphorylation in WT HCECs and JNK1 subline

at 60 min. Preincubation with either 5z-OX (0.1uM), CPZ (10uM) or PDTC



(50uM) for 60 min suppressed CAP-induced IkBa phosphorylation.
(B) Positive feedback control by NF-xB of JNK1/2 activation: Loss of NF-
B activation reduces transient JINK1/2 , p38 and ERK1/2 MAPK activation
induced by CAP (20uM) for up to 90 min. Summary plots contrast time
dependent patterns of MAPK activation in WT (left) cells with those in
NF-kB1 subline (right).
(C) Inverse relationship between changes in PKCé and DUSP1 expression.
WT cells and NF- xB1 subline were exposed to CAP (20uM) as described in
B. Summary plot (left) indicate that in WT cells CAP-induced increases in
PKCS expression whereas DUSP1 remained invariant (left). Summary plot
(right) reveals converse responses by PKC6 and DUSP1 to CAP in NF- xB1
subline.
Figureb. Changesin MAPK activation patternsand | L-6/8 releasein DUSP1 gene
knockdown cells

(A)Western blot analysis of total DUSP1 protein expression in resting
scrambled HCEC and DUSP1 subline.

(B) Comparison of time dependent changes in MAPK phosphorylation in WT
cells and DUSP1subline. Cells were exposed to CAP (20uM) for indicated
times. Changes are compared in p-ERK1/2, p-JINK1/2 and p38 MAPK in
WT HCEC and DUSP1 subline. Protein loading equivalence validated
based on invariant ERK1/2 expression levels.

(C) DUSP1 gene knockdown enhances CAP-induced IL-6 and IL-8 release.



ELISA was performed on WT HCECs and DUSP1subline after 24 h
exposure to CAP (20 uM). Three independent experiments each performed
in triplicate. Significant relative to the control (**)

Figure 6. TRPV1-linked signaling pathways mediating IL-6 and IL-8 release
TRPV1 stimulation leads to TAK1 dependent JNK1 and NF-«xB activation.
Activated JNK1 potentiates NF-kB activation by TAK1. NF-xB provides a
positive feedback control of JNK1 phosphorylation through inhibition of
DUSP1 expression, which is possibly controlled by PKC53. Activated NF-xB
translocates to nucleus, along with other transcription factors activated by
p-JNK1 (e.g. AP-1), promote IL-6 and IL-8 mRNA expression. Solid line
indicates established interaction. Broken line represents unproven interaction.
Arrowhead means stimulation whereas hammerhead represents inhibition.
For example, arrow pointing from TAK1 to NF-«xB is broken since it is not yet
known if interaction is direct or there are signaling intermediates mediating

NF-«kB activation by TAK1.
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Abstract

Transient receptor potential (TRP) channels represent a superfamily of non-
selective cation channels which contains 28 different genes. They are divided into
subfamilies based on amino acid sequence homology between gene products. In
mammals, there are six subfamilies. Cation selectivity for calcium and sodium varies by
subfamilies and even between members of each sub-group. Some studies indicate that
TRP channel subunits form part of store-operated calcium channels. TRP channels are
expressed in the nervous systems as well as non-nervous systems such as lung,
cardiovascular system and the urinary bladder. TRP channels present diverse sensitivities
to an ample collection of stimuli, such as light, temperature, smell, taste, sound, acidity,
osmolar and mechanical pressures. Recently, some TRP channels were found to be
involved in mediating cellular events including proliferation, migration, apoptosis,
inflammation and cell volume regulation. Mutation or activation of some TRP channels
has been related to disease pathogenesis, indicating TRP channels play a great role
beyond as physiological sensors.

The importance of TRP channels function in the eye has been recognized in
ophthalmology and vision research. Eyes have a rich expression of various TRP channel
subtypes in the cornea, trabecular meshwork, ciliary muscle, crystalline lens, and retina.
Their roles in ocular diseases including corneal wound healing, glaucoma, cataract, and
retinopathy have been documented. This chapter reviews the TRP channel superfamily
nomenclature and highlights their critical roles in ocular homeostatic and pathological
states. The chapter will also shed light on TRP channels as a potential drug target for

treating various eye diseases.



1. Introduction

The first member of transient receptor potential (TRP) channel superfamily was
discovered in photoreceptors of Drosophila over 30 years ago.' Since then this protein
superfamily has been extensively characterized based on exponential increases in the
number of publications related to TRP channels. With 28 TRP homologous genes
identified in mammals, TRP channels have been detected in both neural and non-neural
tissues.

In humans, 27 different TRP genes are classified into two groups and six
different subfamily based on their amino acid homology and phenotypes associated with
mutant genes. The genes of TRP channel in Group 1 and Group 2 are only distally related.
The Group 1 of TRP genes are comprised of TRPC (canonical), TRPM (melastatin),
TRPV (vanilloid) channel subfamilies, with TRPA (ankyrin) being more recently
assigned to this group.” Such categorization is based on their resemblance to the amino
acid sequence of the Drosophila TRP channel. The nomenclature of TRP channel genes
in Group 2 is based on the human phenotypes generated by the mutation of the founding
genes of each subfamily, including polycystic kinase disease (PKD) and mucolipidosis
type IV (MCOLN, mucolipin). Their encoded proteins have also been referred to as
TRPP (polycystin) and TRPML (mucolipin), respectively (Figure 1).

The TRP superfamily is evolutionally conserved from nematodes to mammals.
The common features of TRP channels are six putative transmembrane spanning domains
and a cation-permeable pore formed by a short hydrophobic region between
transmembrane domains 5 and 6. They are configured as homo- or hetero-tetramers to

form non-selective cation channels (Figure 2). Their permeability ratios to Ca>*/Na" vary



significantly among individual members. TRPV5 and TRPV6 channels exhibit a
Ca®"/Na" permeability ratio of greater than 100, indicating high Ca** selectivity.* In
contrast, TRPM4 and TRPM5 channels are impermeable to Ca®* but are selective for
monovalent cations (Na*, K).”*® Such intra-family variability is unique to the TRP

channel superfamily whereas most other ion channel families have little difference in

ionic permeability within a family.’
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Figure 1. Human TRP channel superfamily dendrogram. Random proteins bound to the
plasma membrane (i.e., EGF receptor, EGFR), endoplasmic reticulum (i.e., calreticulin
precursor, CP), mitochondria (thioredoxin reductase, TR), cystolic protein (i.e., mitogen-
activated protein kinase 1, MAPK1) and nuclear membrane (i.e., inner nuclear

membrane protein, INMP) are shown to illustrate that PKD and MCOLN are



evolutionarily related to TRP channels or are the results of convergent evolution. The
dendrogram shows that PKD and MCOLN belong to the TRP channel superfamily, since

random genes extend from branches distinct from the TRP channel superfamily.®

TRP channel subfamilies in Group1 share substantial sequence homology in the
transmembrane domains 6. What divides each subfamily is differences in their
intracellular domains. TRPC, TRPV and TRPA channels contain ankyrin repeats near the
intracellular N-terminal domain, whereas the TRPC and TRPM channels subfamilies
possess proline-rich ‘TRP domain’ in the region of the C-terminal near the putative
transmembrane segment. TRPM6 and TRPM?7 channels have a protein kinase domain in
the C-terminal.

The TRPC channels subfamily consists of seven genes (TRPC1-7) in mammals,
but TRPC2 channel is pseudogene in humans. TRPC channels are widely expressed in
multiple systems. TRPC4, TRPCS, TRPC6 and TRPC7 channels are identified in the
various ocular tissues of mammals.”'> The TRPM channel subfamily comprises eight
genes (TRPM 1-8), of which three encode channel-like proteins and five non-channel
proteins. TRPM1 channels are expressed in retinas and TRPMS channels in corneas.'* '*
The TRPV channels subfamily contains six members (TRPV1-6). TRPV1, TRPV2,
TRPV3 and TRPV4 channels are expressed in the cornea whereas TRPV1, TRPV2,

TRPV5 and TRPV6 channels are expressed in the retina.'>° The TRPA channels

subfamily has only one member, TRPAI.



Figure 2. Domain structure of the TRP channel superfamily. There are five TRP channel
subfamilies in Group 1 (TRPN , no mechanoreceptor potential C, channels are not
expressed in mammals) (a) and two TRP channel subfamilies in Group 2 (b). All
subfamilies contain a six-transmembrane domain unit with a cation-permeable pore
between domains 5 and 6. Four of such units are assembled as a homo- or hetero-
tetramer to form a TRP channel. Domain indications: ankyrin repeats (A), coiled-coil
domain (cc), protein kinase domain (TRPM6 and TRPM7 channels only), cation-
permeable pore (P), transmembrane (TM) domain, cation-permeable (+++), TRP
channels domain (TRPC and TRPM channels only), large extracellular loop between TM
I and TM Il (TRPP and TRPML channels only). Adapted with permission from

Venkatachalam and Montell.?



TRPP and TRPML channel subfamilies belong to Group 2. They contain limited
sequence homology to TRP channels in Group 1, although such resemblance to classical
TRP channels is still larger than those of random genes (e.g., EGFR, INMP) (Figure 1).
TRPP channels proteins share 25 percent amino acid sequence homology to TRPC3 and
TRPC6 channels over a region including transmembrane domains 4 and 5 and the
hydrophobic pore loop between domains 5 and 6. TRPML channel proteins consist of
three small proteins compared with other TRP channel proteins. Homology of their
amino acid sequence with TRPC channels proteins is restricted to the region spanning
transmembrane domains 4 to 6 (amino acids 331 to 521). TRP channels in Group 2 have
a unique large extracellular loop between their first and second transmembrane domains.
They are named as TRP channels based on the six transmembrane domains that they
contain and function as cation-permeable channels.

The activation mechanisms of TRP channels are unique in that there are a diverse
host of stimuli that can activate TRP channels and exhibit sharp differences in
stimulatory modes even within each TRP channels subfamily. TRP channels are initially
recognized as sensory mechanisms to a variety of stimuli, ranging from light, temperature,
osmotic pressure, smell, taste, mechanical stress and acidity. There is also increasing
awareness of their roles in mediating wound healing, inflammation, apoptosis and
excretion. These channels are sensitive to intracellular and extracellular messengers, as
well as declines in the calcium content of intracellular calcium stores (ICS).

Their activation following conformation changes increases Ca®"/Na" cell
permeability ratios, which is dependent on TRP channel subunit composition. Transient

increases in intracellular calcium concentration trigger intracellular activation of



mediators including: 1) phospholipase C (PLC) by coupled GTP-binding protein, leading
to stimulation of store-operated Ca>" channels ; 2) transactivation of EGF tyrosine
receptors through MMP-mediated HB-EGF shedding.* ' '® The physiological
significance of TRP channel expression is indicated by the finding that TRP channel
mutations are linked to human diseases.*

Similarly, there is compelling evidence that the TRP channel superfamily plays a
critical role in ocular homeostasis and pathogenesis. Functional importances of TRP
isotypes expressed in different ocular tissues are multi-faceted. Their activation is
essential for retaining corneal deturgescence and clarity, mediating aqueous humor
outflow in trabecular meshwork and ciliary body as well as inducing light sensation in
retina. Mutation of TRP channels is associated with ocular pathological phenotypes either
due to loss of its homeostatic role or over-activation of its function. The realization of the
importance of TRP channels has prompted much research effort to investigate novel

strategies for regulating TRP channels function in a number of ocular diseases.

2. Roles of TRP Channels in Corneal Sensation and Wound Healing

Continuous renewal of corneal epithelial layer is essential to maintain corneal
transparency. The intact epithelium not only offers a smooth and clear optical surface, but
also provides corneal barrier function. This property protects the underlying stroma from
swelling and pathogenic invasion. Should such protection mechanism become
compromised by ocular surface diseases, outcomes can range from mild symptoms, such
as irritation, photophobia, to severe consequences including corneal opacity, ulceration

and even perforation. TRP channel functions have been indicated to associate with



maintaining corneal sensation and integrity. Functional expressions of TRPC1, TRPC 3,
TRPC4, TRPC6 and TRPC as well as TRPV1-4 channels are identified in the corneal
epithelium, TRPV1-4 in the corneal endothelium, TRPV1, TRPA1, and TRPMS in the
corneal nerve varying in different species.'® '>!7 23242327 These channels are involved in
corneal regenerative, protective and sensory mechanisms.

TRPC4 channels protein was localized in plasma membranes of cultured human
corneal epithelial cells and is responsible for epidermal growth factor (EGF)-promoted
epithelial proliferation. TRPC4 channel is activated by EGF-induced depletion of ICS
content in the endoplasmic reticulum. This depletion occurs as a consequence of
stimulation of PLC activity which results in increases in inositol 1,4,5-trisphosphate (IP3)
formation. This response leads to declines in ICS content and activation of TRPC4 store
operated channel (SOC) function. Its activation induces intracellular Ca** influx leading
to stimulation of downstream signalling cascades. They include the mitogen activated
protein kinase (MAPK) cascade composed of ERK, JNK and p38 casettes as well as
protein kinase A (PKA), protein kinase C (PKC), JAK/STAT and PI3-K/AKT/GSK-3.
All of their activations contribute to the control of increases in cell survival and
proliferation elicited by this mitogen. The importance of TRPC4 channels activation to
mediate EGF-induced mitogenic responses is indicated by the finding that knockdown of
its gene expression in HCEC eliminated the mitogenic response to EGF."°

TRPV1 channel expression was first identified on the ophthalmic branch of the
trigeminal nerve. More recently, the functional expression of this channel was also
identified in the corneal epithelial and endothelial layers. A hallmark of its activity is that

the cannabinoid compounds (such as capsaicin isolated from hot chilli pepper),



hyperosmolarity, acidity (pH below 6) and high temperatures (above 43°C) stimulate
TRPV1 channels. In the corneal epithelium, severe chemical injury to mice corneal
epithelium induces TRPV1 channel activation leading to dysregulated inflammation,
scarring and loss of corneal transparency. On the other hand, its activation stimulates in
HCEC proliferation and migration through EGF receptor (EGFR) transactivation.”® The
involvement of TRPV1 channel activation in inducing these diverse responses is
indicated by the finding that in homozygous TRPV1 knockout mice the wound healing
response to an alkali burn does not result in losses of corneal transparency. Similarly,
TRPV1 channel activation in some types of dry eye disease resulting from exposure to
hyperosmolar tears may account for chronic inflammation since TRPV1 channels
activation caused by exposure to a hyperosmolar challenge induced large increases in a

host of proinflammatory cytokines (e.g. IL-6, IL-8, TNF « and IL-1 ) and

chemoattractants (e.g., MCP-1) in HCEC. On the other hand, pre-exposure to a selective
TRPV1 channels antagonist obviated all of these responses suggesting that TRPV1
channel is a potential drug target for the treatment of dry eye syndrome because
suppression of its activation may reduce ocular surface inflammation.'®*

In contrast with TRPV1, its cohort TRPV4 channel reacts to a different spectrum
of stresses. Unlike TRPV1 channel which is thought to only be activated by a
hyperosmolar stress, TRPV4 channels may instead be an osmosensor for a hypoosmolar
challenge.'” Such a stress is encountered by the cornea during exposure to fresh water
(e.g., swimming, bathing, use of some eye drops). This hypotonic exposure results

initially in corneal epithelial swelling due to obligatory water influx resulting in

equilibration between the cell interior and surface tears. However, excessive swelling can
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lead to cell lysis. To counter the initial swelling, corneal epithelial cells mediate
regulatory volume decrease (RVD) behavior by stimulating volume-sensitive potassium
and chloride channels as well as potassium-chloride co-transporter (KCC) activity to
restore isotonic cell volume through osmotically coupled net fluid efflux.

TRPV1-4 channel isoforms also serve as thermosensors over defined temperature
ranges in the corneal epithelium. In addition, TRPV3 channel activation, either by
temperatures above 33°C or by its selective agonist, carvacrol, not only contributes to
thermosensation, but also accelerate epithelial wound recovery by enhancing cell survival,
proliferation and migration.'>* TRPV1-3 and TRPC4 channels are also expressed in
corneal endothelial cells.” ** TRPV1-3 channels are sensitive to temperatures from 25 to
40°C, similar to their epithelial counterparts.

TRP channels play an important role in corneal sensations. The cornea has the
highest sensory nerve density of any tissue in the body. The corneal sensory nerves
originate from the ophthalmic branch of the trigeminal ganglion and are responsible for
eliciting nociception to thermal, chemical and mechanical stimuli.’’ TRPV1 channels
were co-localized with substance P (SP) and calcitonin-gene-related peptide (CGRP) in
the ophthalmic branch of the trigeminal nerve indicating its role in eliciting nociceptive
perception. This realization makes TRPV1 channel tenable as a potential drug target for
treating neurotrophic keratopathy.’'-** Additionally, TRPMS channel contributes to
corneal cold sensation and basal tear secretion required to maintain corneal surface
hydration.'*

Taken together, these studies on the corneal epithelial, endothelial cells and

corneal nerves indicate that functional expressions of TRP channels are essential for
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maintaining corneal transparency and eliciting adaptive responses to stresses. This
indicates the importance of further studies on TRP channel regulation since such insight
may lead to novel strategies for treating corneal diseases and better management of

ocular surface inflammatory pain.

3. Roles of TRP Channels in Glaucoma

Some members of the TRPC and TRPV channels subfamilies are expressed in
trabecular meshwork, ciliary muscle and retinal ganglion cells.** ** Their roles have been
associated with regulating intraocular pressure through modulation of aqueous humor
flows and ganglion cell survival. The trabecular meshwork contains contractile elements
whose tension modulation changes fluid drainage rate from the anterior chamber into the
Canal of Schlemm. The contractile state of trabecular meshwork is governed by tension
imparted from the ciliary muscle and possibly trabecular meshwork itself.*>>® The
trabecular meshwork and the ciliary muscle act as functional antagonists. Such opposition
is evident since ciliary muscle contraction leads to relaxation of the trabecular
meshwork with subsequent increases in fluid outflow whereas trabecular
meshwork contraction has the opposite effect.”> Malfunction of trabecular meshwork and
ciliary muscle contractility often leads to ocular hypertension and glaucoma.’” Their
contractile states are modulated by changes in intracellular Ca*” concentration and Ca®"
channel activity. Specifically, increases in cytoplasmic Ca®" resulting from the
stimulation of TRP channels enhance contractility. Other types of Ca** channels that
regulate intracellular Ca*"concentration include L-type voltage-gated Ca®" channels,

receptor operated Ca>" channels and store-operated calcium entry (SOCE) pathways. In
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bovine trabecular meshwork cells, TRPC1 and TRPC4 channels are implicated in the
formation of heteromeric SOCE channels which contribute to rises in cytoplasmic Ca*"
store and therefore trabecular meshwork contractility during exposure to bradykinin or
endothelin-1.

Similarly TRPCI1, TRPC3, TRPC4 and TRPC6 channels are also present in
ciliary muscle cells. The ciliary muscle is densely innervated by parasympathetic neurons
that stimulate muscle contraction through acetylcholine-mediated muscarinic receptor
stimulation on neighboring muscle cells. Such activation leads to a surge in intracellular
Ca”" concentration resulting in membrane voltage depolarization via receptor-operated
non-selective cation channels. TRPC1, TRPC3, TRPC4 and TRPV6 channels are
considered as potential candidates for such channels as they are co-localized with
muscarinic receptor type 3 in ciliary muscle fibres.** >’

Modulation of TRPC channel activity in turn alters aqueous humor outflow and
therefore intraocular pressure through changes in trabecular meshwork contractility. The
dual localization of TRPC channels on ciliary muscles and trabecular meshwork cells
suggests that strategies targeted towards their selective modulation may be prove to be
advantageous in providing better control of intraocular pressure in patients with ocular
hypertension or glaucoma. Such an outcome is possible once there is definitive
identification of the TRP channels subtypes on each of these tissues. At this point it may
be possible to maximize fluid outflow rates by selectively decreasing trabecular
meshwork resistance through an increase in its contractile state. Accordingly, additional
studies are needed to map the TRP channels subtypes and characterize their mechanisms

of regulation in the ciliary muscle and trabecular meshwork.
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Chronic intraocular hypertension is a risk factor which in some cases can induce
glaucoma due to damage to retinal ganglion cells. Such damage can result from either
increased hydrostatic pressure, declines in retrograde neutrophin flow, ischemic or
oxidative stress. Irreversible loss of retinal ganglion cells leads to gradual and often
insidious vision impairment and possible blindness. Elevated intraocular pressures can
activate TRP channels in retinal ganglion cells . TRP channel sensitivity to hydrostatic
pressure has been described in bladder, lung and skin.**** Sappington et al. have shown
in vitro that exposure of retinal ganglion cell to elevated hydrostatic pressure induced
transient rises intracellular Ca*" accumulation due to TRPV1 channel activation. This
effect promoted apoptosis of retinal ganglion cell whereas suppression of TRPV1 channel
activation protected retinal ganglion cell from pressure-induced death.>* Recently, similar
stresses were identified to stimulate TRPV4 channel and induce apoptosis in retinal
ganglion cell.* The increased levels of cytoplasmic Ca”" is the underlying mechanism of
leading to retinal ganglion cell apoptosis.** Ca*"-dependent calcineurin and calpain are a
phosphatase and a protease, respectively, that trigger apoptosis signalling. Both of them
induce cytochrome c release from mitochondria and trigger pro-apoptotic signalling. In
contrast, TRPV1 channel in the retinal microglia appears to have a retinoprotective effect.
Retina microglia cells are essential to neuronal homeostasis and provide innate immunity
for retina to defense pathogenic infiltration. Exposure of microglia to chronic stress is
associated with various neurodegenerative diseases, including retinal dystrophies. TRPV1
channel activation in the cultured retinal microglia cells by the hydrostatic pressure

induces increases in IL-6 and TNF- a. release through transient rises in intracellular Ca*"

levels. Rises in IL-6 suppress pro-apoptotic signalling pathways and cell death*’
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Therefore, provided strategies can be devised to selectively induce microglial TRPV1
channels expression, TRPV1 channels may be a potential drug target in managing

pressure-induced retinal ganglion cell loss in glaucoma.

4. Possible Roles of TRP Channels in Cataract Development

Maintenance of intracellular Ca®" levels is imperative to crystalline lens clarity.46
Lenses with cortical cataracts have intracellular Ca®" levels that are above those in the
physiological range.*’” Accordingly, a better understanding of the mechanisms mediating
control of lens intracellular Ca*" levels is pertinent for identifying economical and novel
drug strategies to preserve lens transparency or slow cataract progression.

As previously described,

Store operated calcium entry channels (SOCE) are composed of TRP subunits and
are heterogeneously expressed in the lens epithelial cells. Equatorial Epithelial cells in
the lens equatorial region have the higher SOCE expression than is those in the central
anterior region. This difference is attributable to the fact that the size of the intracellular
calcium storage is larger in the equatorial than the central anterior epithelial cells.*® The
higher intracellular Ca*" load in the equatorial epithelium is required for its more rapid
proliferative rate than other parts of the lens epithelium. However, the equatorial
epithelium is more susceptible to damage that can induce cortical cataracts since the
development of such cataracts is associated with Ca*" overload in the lens epithelial cells.
The identity of the TRP channels isoforms constituting SOCE is elusive since drugs that
modulate SOCE activity have poor selectivity for each of the different TRP subunits in

the TRPV and TRPC channels subfamilies. For example, the inhibitory effects of
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lanthanum are used as a criterion to distinguish between SOCE and TRPC channel
involvement in the development of cataract. At lower concentrations (i.e., in the
nanomolar range), lanthanum inhibits SOCE, whereas at higher concentrations it blocks

TRPC-containing channels.*" >

However, this approach is problematic because the cut-
off between lanthanum concentration ranges having the inhibitory effect to either SOCE
or TRPC channel is poorly defined. Another complication is that, in the micromolar
range, Ca’" influx is potentiated through TRPC4- and TRPC5-containing pathways.
Nevertheless, the current understanding is that SOCE is the major pathway for Ca**
influx in the lens. Better insight into the specific involvement of TRP channels
dysfunction in cataractogenesis will be clarified once either more selective Ca** channel

modulators become available or genetic approaches are employed to selectively modulate

levels of TRP channels isoform expression.

5. Roles of TRP Channels in Retinopathy

TRP channels are abundantly expressed in the entire retinal layer including the
retinal pigment epithelium (RPE), photoreceptors, retinal ganglion cells, Muller cells, and
microglia. Initially, TRP channels mediated phototransduction was identified in
Drosophila and 13 of the known 28 homologues of the mutant insect channel were next
identified in the mammalian retina.”' For example, the TRPC channels in mammals are
most closely related to the Drosophila TRP channels. The difference is that in mammals
the six TRPC subfamily genes (i.e., trpc 1, 3—7) encode seven proteins (TRPC1-7

channels), since TRPC?2 is a pseudogene.
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In Drosophila retinal photoreceptors, TRPC channels lead to photoexcitation.
Light absorption converts rhodopsin to active metarhodopsin, which activates
phospholipase C (PLC). PLC hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP,) to
inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). DAG can be degraded to
release polyunsaturated fatty acids and protons. TRPC channel activation occurs as a
consequence of phosphoinositide depletion and acidification resulting from PLC-induced
PIP, hydrolysis and proton release associated with IP; formation.** TRPC channel
activation by phosphoinositide metabolites suggests that these channels are part of the
light-sensing mechanism for Drosophila, but their role in humans is still unclear.

TRP channels dysfunction has been implicated in mammalian retinopathy.
Mutation of TRPM1 channels in ON bipolar cells has been linked to autosomal-recessive
congenital stationary night blindness (CSNB), a heterogeneous group of retinal disorders
characterized by non-progressive impaired night vision and variable decreased visual
acuity.”” On the other hand, Wang et al. reported that TRPC6 channel activation has a
neuroprotective effect on retinal ischemia-reperfusion (IR) injury in the rat.” Following
IR, the expression of TRPC6 channels decreases in retinal ganglion cells. Activation of
TRPC6 channels before IR reduces retinal ganglion cells losses whereas suppression of
TPC6 channels has an opposite effect. Such protection by TRPC6 channels on retinal
ganglion cells is dependent on brain-derived neurotrophic factor (BDNF) signalling.

The RPE layer has essential roles in sustaining normal retinal function. It
regulates the hydration and ionic composition of the subretinal space, as well as rod outer
segment function. RPE also secretes cytokines that are essential for retinal health. TRPVS

and TRPV6 expression was identified in vitro in the human RPE, implicating that these
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two most calcium-selective channels of the TRP channel superfamily contribute to the
regulation of the subretinal space calcium composition accompanying light/dark
transitions.'” TRPV2 channels were shown in another study to control RPE release of
vascular endothelial growth factor (VEGF). Insulin-like growth factor-1 (IGF-1) is a
TRPV2 channel activator that selectively induces the intracellular Ca®" transients
required for inducing VEGEF release. Control of this response is needed to reduce retinal
neovascularization, since wet age-related macular degeneration (AMD) is decreased or
stabilized by treatment with anti-VEGF antibodies. These results suggest that reducing

TRPV?2 channels activity may provide another option for managing wet AMD.>*

6. Summary

TRP channels are involved in ocular sensory and cellular functions. In mammals,
TRP channel subunit proteins are encoded by 27 genes and are classified into two groups
and six different subfamilies, based on differences in amino acid sequence homology.
Group 1 and Group 2 of TRP channels are only remotely related, but share similar cation
channel-forming structures of six transmembrane domains. Their cation selectivity and
activation mechanisms are very diverse and depend on individual TRP channel. TRP
channel activation induces a host of responses to variations in ambient temperature,
pressure, osmolarity and pH. In addition, their activation by injury induces inflammation,
neovascularization, pain and cell death, as well as wound healing. There is emerging
interest in characterising their roles in inducing ocular surface disease, glaucoma,
cataracts and retinopathy. Such efforts could lead to the identification of novel drug

targets for improving disease therapeutic management.
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A. Epithelial defect
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CB1 activation reduces stroma neutrophil recruitment
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CB1 ablation delays mouse corneal
epithelial wound healing
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